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Demand and production of specialty cut flowers is growing across the U.S., but 
research is lacking in the U.S. Intermountain West, where the semi-arid and high 
elevation climate offers unique challenges. The goal of this study was to evaluate 
snapdragon (Antirrhinum majus) and peony (Paeonia lactiflora) as two representative 
cool-season crops in the U.S. Intermountain West. High tunnel and field production 
methods were trialed in North Logan, Utah (41.77 °N, 111.81 °W, 1382 m elevation) to 
evaluate bloom timing, yield, and stem quality of snapdragon ‘Chantilly’, ‘Potomac’, and 
‘Rocket’ and peony ‘Coral Charm’ in 2018-20. Snapdragons were transplanted at three-
week intervals beginning early-February in the high tunnel and ending in late-May in the 
field. Peony low-tunnel and soil heating treatments were implemented February-March. 
Snapdragon production was advanced by 5-8 weeks using high tunnels and extended 2-8 
weeks in the field. High tunnels yielded 103-110 total stems per m2 (65-89% 
marketability), while fields yielded 111-162 total stems per m2 (34-58% marketability). 
iv 
Overall, production was greatest with transplanting in March for the high tunnels and 
mid-April in the field. ‘Chantilly’ production began the earliest (4 and 6 May), while 
‘Potomac’ produced the most stems longer than 91 cm with statistically greater 
marketable stem yields (p = 0.0004), and ‘Rocket’ produced the highest marketability 
(90%) for the early-April planting. In the peony study, chill and heat unit accumulation 
was comparable to models, but but the precious model tended to overestimate the heat 
unit accumulation for shoot emergence by 85 units. Peony heat treatments advanced 
production by 27 (± 2 SE) days compared to the field control study. Initial harvests of 
heating treatments within the high tunnel were significantly earlier than the control (p < 
0.05). In the field, peak harvest of the low-tunnel plus soil heating treatment was 
significantly earlier than the control (p = 0.0321). The use of high tunnel and field 
production combined with other methods to stagger harvest resulted in marketable 
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Maegen A. Lewis 
 
Demand and production of specialty cut flowers is growing across the U.S., but 
research is lacking in the U.S. Intermountain West, where the semi-arid and high 
elevation climate offers unique challenges for growers. The goal of this study was to 
evaluate the stem quality, harvest timing, and yield of snapdragon (Antirrhinum majus) 
‘Chantilly’, ‘Potomac’, and ‘Rocket’ and peony (Paeonia lactiflora) ‘Coral Charm’ as 
cool-season cut flower crops under high tunnel and field production in North Logan, 
Utah. Snapdragons were transplanted at three-week intervals beginning in early-February 
in high tunnels and ending in late-May in the field. Peony low-tunnel and soil heating 
treatments were implemented February-March within the high tunnel and field. High 
tunnels advanced snapdragon production by 5-8 weeks and resulted in 31% more sellable 
stems than the field, while field production extended harvest 2-8 weeks later. ‘Chantilly’ 
production began the earliest (4 and 6 May), while ‘Potomac’ produced the most stems 
longer than 91 cm, and ‘Rocket’ produced the highest marketability (90%) for later 
transplant dates. For peonies, high tunnels advanced production by 26 days compared to 
natural field conditions. Soil heating and low tunnels advanced production up to nine 
days compared to control treatments within the high tunnel and field, but also reduced 
stem quality by increasing insect damage and leaf burn from warmer temperatures. The 
use of high tunnel and field production combined with other methods to stagger harvest 
vi 
 
resulted in harvest season lengths of 4.5 months for snapdragons and six weeks for 
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Across the U.S., growers have developed local, niche markets for specialty cut flower 
crops that are in demand by U.S. consumers for their unique blooms and fresh quality 
(Armitage and Laushman, 2003). Stems are typically sold wholesale to local retail 
businesses, such as florists, or as prearranged bouquets in direct markets, such as farmers 
markets, farm stands, and CSA subscriptions (Connolly and McCracken, 2016). These 
markets, combined with increasing public demand for local agricultural products (Yue et 
al., 2011; Zongyu et al., 2016; Wolfe and McKissick, 2007), have led to an increase in 
cut flower farms across the United States. National membership in the Association of 
Specialty Cut Flower Growers (ASCFG) is now 2,040 members (Judy Laushman, 
personal communication, 28 September 2020), with membership quadrupling from 2008 
to 2020 (Linda Twining, personal communication, 2 April, 2020). Included in this growth 
are now nontraditional regions for cut flower production, such as the U.S. Intermountain 
West, where 86 small-scale farms are established in Utah and southern Idaho (Figure 1), 
and a Utah-based cut flower farmer association has 94 members since launching in mid-
2019 (UCFFA, 2020). 
Environmental conditions, however, limit production quantity (total yield, harvest 
window) and quality (stem length, marketable yield), particularly in the high-elevation, 
semi-arid climate of the U.S. Intermountain West. Growing seasons are short (116 to 




which can dominate over official USDA Hardiness Zone classifications (Utah Climate 
Center, 2020a; Utah Climate Center, 2020b). Daily temperature fluctuations often exceed 
20 °C (Gillies and Ramsey, 2009) and solar radiation is 20% more intense than in the 
central and eastern U.S. production regions (Hunter et al., 2012). Therefore, conducting 
local trials is critical for optimizing cut flower production under regional constraints 
(Wein, 2009; Ortiz et al., 2012).  
Growers surveyed across the U.S. and Canada indicated season extension and control 
of bloom timing as top needs (Loyola et al., 2019). Growers in the U.S. Intermountain 
West ranked season extension, control of bloom timing, and cultivar selection as top 
research priorities in a survey by M.N. Stock at the 2019 Utah Urban and Small Farms 
Conference (Survey of cut flower growers, 20 February 2019). More recently, 85% of 
surveyed growers indicated that available cut flower production information was not 
applicable to their operation in the U.S. Intermountain West in a survey by M.N. Stock at 
the 2020 Utah Urban and Small Farms Conference. Moreover, growers predominately 
relied upon warm season crops with only 39% producing cool season annuals and none 
growing cool season perennials (Survey of cut flower growers, 5 March 2020). 
Therefore, research that explores the use of season extension techniques with 
representative annual (snapdragon Antirrhinum majus) and perennial (peony Paeonia 
lactiflora), cut flowers with cold tolerance and early bloom timing, creates region-
specific production information. In addition, these new production opportunities meet 
early season market demands and improve the economic sustainability for cut-flower 





Snapdragon Annual Cut Flower Production 
Snapdragons are a cool season crop that florists have indicated interest in regularly 
sourcing from local growers (Wolfe and Mckissick, 2007). Snapdragons are quantitative 
long day plants (Owen et al., 2018; Armitage and Laushman, 2003). Although 
snapdragons can bloom under shorter photoperiods, the days to flowering decreases as 
the photoperiod lengthens (Adams et al., 2003; Erwin and Warner, 2002; Cremer et al., 
1998). As light intensity increases, the days to flowering and leaf number decrease 
(Cremer et al., 1998). However, as light duration and intensity increases, stem length also 
decreases (Gutierrez, 2003). 
The optimal temperature for snapdragons ranges from 7 to 18 °C, but varies by 
cultivar (Armitage and Laushman, 2003), which are grouped I through IV, according to 
bloom response to temperature and daylength (Larson, 1992; Dole and Wilkins, 1999). 
Group I-II cultivars, such as ‘Chantilly’, bloom the earliest with requirements for shorter 
photoperiod and nighttime temperatures between 7 and 13 °C, while ‘Potomac’ (Group 
III-IV) and ‘Rocket’ (Group IV) bloom the latest and require nighttime temperatures of 
13 to 16 °C and above, with longer photoperiod requirements (Armitage and Laushman, 
2003; Dole and Wilkins, 1999). 
Based on temperature and light requirements, snapdragons have strong production 
potential in the U.S. Intermountain West, and previous research that spans across the U.S. 
Midwest and Southeast helps establish baseline planting dates, harvest timing, yield, and 
high tunnel use. In a field trial in Tennessee (USDA Hardiness Zone 7a; USDA-ARS, 
2012), ‘Rocket bronze’, ‘Rocket pink’, and ‘Rocket white’ (Group IV) were planted 5 




to 30 stems per plant (112 to 210 stems per m2) and average stem length was 36 to 45 cm 
(Starman et al., 1995), though 46 cm is the grading minimum for marketable stems 
according to the American Society of Florists. In Indiana (USDA Hardiness Zone 5b; 
USDA-ARS, 2012), ‘Rocket red’ (Group IV) was planted 16-17 May, one week after the 
last frost date in a high tunnel and field (Ortiz et al., 2012). Average yield and stem 
length were 183 stems per m2 and 51.8 cm in the high tunnel, and 158 stems per m2 and 
39 cm in the field, indicating high tunnels can significantly increase both production 
quantity and quality (Ortiz et al, 2012). In high tunnel and field trials in North Dakota 
(USDA Hardiness Zones 3b – 4a, USDA-ARS, 2012), ‘Rocket’ mix and ‘Potomac white’ 
were planted 20 May – 10 June 2016 and 24 April – 02 June 2017 (Kluza, 2019), with 
last frost ranging 1-10 June (North Dakota State University, 2016). The average yield 
was 241 stems per m2 in the high tunnel and 120 stems per m2 in the field (Kluza, 2019). 
The average stem length was 45 cm for ‘Potomac white’ and 41 cm for ‘Rocket’ mix, but 
‘Rocket’ mix produced an average of 40% more stems than ‘Potomac white’. While high 
tunnels increased production across hardiness zones and ‘Rocket’ showed variability in 
yield and quality, use of I-II groups, staggered plantings, or early planting dates (i.e. more 
than two weeks before last frost) have not been tested and may further increase 
production. 
 To promote stem elongation during late spring to summer production, shade cloth 
may be used to maintain cooler air and soil temperatures, as well as reduce 
photosynthetically active radiation (PAR), but will increase time to flowering (Armitage, 
1991; Wein, 2009; Li et al., 2017). In a trial of shade levels, snapdragon stem length 




control (Alhahjoj and Munir, 2016). However, time to flowering also increased: 30% 
shade delayed flowering by seven days and 60% shade delayed flowering by 39 days, 
compared to the unshaded control (Alhahjoj and Munir, 2016). These trials were 
conducted in Al-Ahsa, Saudi Arabia, where average solar radiation ranges from 19.6 to 
25.3 MJ m-2 d-1 during March through July (Alhahjoj and Munir, 2016), compared to 13.7 
to 29.1 MJ m-2 d-1 in Northern Utah (Logan, UT) (Utah Climate Center, 2020b). In 
Starkville, Mississippi, the stem length of ‘Potomac red’ significantly increased from 
86.2 cm in full sun to 98.9 cm under 50% shade for the first spring harvest (Li et al., 
2017). However, shade delayed springtime harvests by one week, stem length was not 
significantly different in subsequent harvests, nor was there a significant difference in 
total yield per plant (Li et al., 2017), indicating a tradeoff for using shade to maximize 
initial stem length.  
The use of high tunnels to advance blooming time, shade for stem elongation, and 
multiple cultivar groups and planting dates to stagger production could result in greater 
yields with improved stem quality for an extended growing season. Although individual 
techniques have been applied in previous research, combining practices to maximize 
harvest season length, yield, and stem quality have not been investigated. Moreover, the 
high elevation and semi-arid climate of Northern Utah poses unique challenges. Trials are 
necessary to determine suitable cultivars and optimal planting dates for high tunnel and 







Peony Perennial Cut Flower Production 
Peonies are thermoperiodic, geophytic plants (Barzilay et al., 2002), and are 
particularly adapted to areas with extreme winters and short growing seasons, such as 
native regions of Eurasia through Northern China (Walton et al., 2007).  Their adaptation 
to a shorter growing season has resulted in a narrow flower production window lasting 
three days to four weeks (Halevy et al., 2002; Holloway et al., 2005) with growth being 
initiated by warming, early-spring temperatures (Halevy et al., 2002). 
By storing photosynthates in underground storage organs, peonies grow rapidly in 
spring (Dole, 2003). Within 60-70 days after bud emergence, the stems elongate to a final 
height of 50-70 cm and blooming occurs (Barzilay et al., 2002), with bloom timing 
dependent on the cultivar and environmental conditions. After anthesis, buds begin to 
form at the base of the stems and enter a dormancy phase (Byrne and Halevy, 1986, 
Barzilay et al., 2002). During dormancy, growth ceases and chilling units accumulate that 
are required to break dormancy the following year (Barzilay et al., 2002; Fulton et al., 
2000).  
Due to the perennial life cycle and highly temperature-dependent response of peonies, 
production now occurs on six continents to meet the year-round demand for this cut 
flower in the primary markets of Europe and North America, (Kamenetsky and Dole, 
2012). Israel, Italy, and France are top suppliers for early season markets (January – 
April); Alaska supplies summer markets (June – August) (Auer and Holloway, 2008; 
Kamenetsky and Dole, 2012); and Chile, Australia, and New Zealand supply fall to 
winter markets (October – December). In the U.S. alone, the wholesale value of peonies 




popular varieties produced in Alaska, and can command premium, wholesale pricing that 
ranges from $5.82 to $6.70 per stem when sold directly to florists (Holloway and 
Buchholz, 2012). 
In order to produce a high-quality cut flower crop, temperature requirements must be 
met throughout all stages of growth. Chilling unit (CU) requirements vary depending on 
cultivar (Halevy et al., 2002; Fulton et al., 2001; Mi Yeo et al., 2012; Barzilay et al., 
2002), but are generally modelled with air temperature based on greenhouse production, 
as 1 CU h-1 at 1 °C, 0.831 CU h-1 at 4 °C, and 0.595 CU h-1 at 7 °C (Fulton et al., 2001). 
Early-blooming cultivars, such as ‘Coral Sunset’, require the most chilling of six weeks 
at 1°C or nine weeks at 4 to 7 °C for all plants to emerge, compared to late-blooming 
cultivars like ‘Sarah Bernhardt’ that require a minimum of six weeks at 1, 4, or 7 °C. 
Although these are minimum requirements for breaking dormancy, research suggests 
longer chilling results in a greater number of shoots, longer stems, and a greater 
percentage of flowering shoots (Fulton et al., 2001; Kamenetsky et al., 2003; Evans et al., 
1990; Byrne and Halevy, 1986). Longer durations of chilling also significantly reduced 
time to emergence across cultivars (‘Coral Sunset’, ‘Monsieur Jules Elie’ and ‘Sarah 
Bernhardt’) at all tested chilling temperatures (1, 4, and 7 °C) (Fulton et al., 2011). For 
example, ‘Coral Sunset’ emerged in 23 days with six weeks of chilling and in three days 
with 12 weeks of chilling, when chilled at 1 °C and forced at 18 °C (Fulton et al., 2001). 
Therefore, longer chilling may provide an opportunity for advancing early-season 





After sufficient CU are accumulated, heat unit (HU) accumulation drives the next 
three phases of development: 1) shoot emergence, 2) flower bud appearance, and 3) the 
onset of flowering (Hall et al., 2007). Table 2.1 provides a summary of the HU 
calculations by developmental phase that were established from greenhouse trials of four 
cultivars representing early-, mid-, and late-season peony types. At air temperatures 
below the threshold temperature (Tt) of 9.9 °C (± 1.5), HU were accumulated 
exponentially, while air temperatures above Tt resulted in linear HU accumulation for 
shoot emergence (Hall et al., 2007). Though the base temperature (Tb) in each phase was 
not significantly different across cultivars, the number of HU needed for each phase was 
significantly different (Hall et al., 2007). Early-season cultivars, such as ‘Coral Sunset’, 
required fewer HU for emergence and more for flowering, while late-season cultivars, 
such as ‘Sarah Bernhardt’, had the opposite requirement of greater HU accumulation for 
stem emergence and fewer for flowering. 
During HU accumulation, however, day/night forcing temperatures affect shoot and 
bud development. In greenhouse studies measuring response by the ‘Sarah Bernhardt’ 
cultivar to air temperature, day/night forcing temperatures of 22 °C day/10 °C night led to 
42% of shoots reaching maturity, compared to 15% of shoots reaching maturity at 28 °C 
day/10 °C night, and nearly all buds aborting at 28 °C day/22 °C night. This indicates 
cooler day/night temperatures are optimal for stem emergence and growth (Kamenetsky 
et al., 2003). High temperatures also reduced the formation of underground buds (Halevy 
et al., 2005; Kamenetsky et al., 2003) and led to shorter stem lengths (Hall et al., 2007). 
At forcing temperatures of 22 °C day/10 °C night produced the second longest stems (85 




(Kamenetsky et al., 2003). However, flowering occurred significantly later at cooler 
temperatures. Plants grown at 22 °C day/10 °C night flowered in 83 days, while plants 
exposed to temperatures greater than or equal to 22 °C day/16 °C night flowered in 53-69 
days (Kamenetsky et al., 2003). While warmer air temperatures significantly reduce the 
days to flowering, temperatures should decrease to 22 °C day/10 °C night after 
emergence for optimal stem elongation and percentage of blooming shoots (Kamenetsky 
et al., 2003). 
The worldwide demand for peonies has spurred research to develop forcing 
techniques that increase supply during off-season periods (Mornya and Cheng, 2018). 
Most research to advance peony harvests has focused on controlling air temperature for 
chilling and growth through containerized greenhouse production in mild climates (Byrne 
and Halevy, 1986; Evans et al., 1990; Fulton et al., 2001; Halevy et al., 2002; Hall et al., 
2007; Kamenetsky et al., 2003; Mornya and Cheng, 2018). Greenhouse forcing systems 
can be initiated in early February to harvest stems by April and produce 40% more stems 
than field production, but this results in greater bud abortion rates and shorter stem 
lengths (Byrne and Halevy, 1986). Therefore, field techniques are needed that maintain 
high yields and quality stems, while advancing the harvest timing. Improvements to field 
production would also benefit local flower production on small farms, where access to 
greenhouses is not possible. One primary method for advancing field production is 
through high tunnels, which allow for natural chilling in winter and passive heating in 
spring. In Golan Heights, Israel, unheated high tunnels advanced production by four 
weeks compared to unprotected field conditions, produced stronger stems, and increased 




However, the use of high tunnels for peony production has not been investigated outside 
of a Mediterranean climate. 
In the U.S. and particularly the U.S. Intermountain West, advancing field production 
of peony would help supply early markets with local products and increase farm 
profitability. In Northern Utah, ‘Coral Charm’ is an early-season cultivar that is in high 
demand by florists. Under non-forced field conditions, harvest begins in mid-May, peaks 
in late-May, and ends in early-June (Maughan et al., 2018). Advancing peak production 
to meet the demand for Mother’s Day and Memorial Day, two important holiday markets 
for cut flowers, may offer premium pricing options for Utah growers.  
High tunnels can increase daytime air temperature by 10 to 25 °C and nighttime air 
temperature by 5 to 10 °C, compared to ambient outdoor air temperature in Northern 
Utah (Drost et al., 2017). In North Logan, UT, high tunnels have been used to advance 
berry production of primocane raspberries, a perennial crop that is cut back to the ground 
each year similar to peony, by up to four weeks (Black et al., 2019). Though high tunnels 
can moderate temperatures throughout the year, diurnal temperature fluctuation lows can 
limit early season production. The use of low tunnels within high tunnels has been shown 
to help increase daytime air temperatures by 4.9 °C and nighttime air temperatures by 3.1 
°C (Ward and Bomford, 2013), and advance the harvest of other cool season crops, such 
as spinach (Drost et al., 2017) and strawberries (Rowley et al., 2011). 
Increases in air temperature have been well documented with use of high and low 
tunnels and most peony research establishes air temperatures for CU and HU 
accumulation in greenhouses, but soil temperature may also control production in the 




development and growth, soil temperature at a 5 cm depth has been suggested for CU 
calculations (Yom Din et al., 2015). However, soil temperature also likely controls timing 
of shoot emergence and bud appearance, and early aboveground elongation in the field, 
all of which may subsequently impact bloom timing. Though not studied in peonies, the 
influence of air temperature, soil temperature, irrigation, and daylength were evaluated 
with cane growth and berry yield of primocane raspberries (Prive et al., 1993). Adequate 
irrigation and soil temperatures greater than 16 °C increased cane growth, length between 
nodes, flowers, berry weight, and overall yield during initial harvests in April and May 
(Prive et al., 1993). These results suggest emergence timing and early growth of 
perennials in the field may be determined and advanced by soil temperature. Therefore, 
soil heating methods that are applied early in the year when meristems are below or near 
the soil surface may provide another method for advancing production in cool climates. 
Using high tunnels, low tunnels, and soil heating methods to both advance and stagger 
peony production may allow growers in cool regions to target peak marketing times. 
Correlating air and soil temperatures (Heissner et al., 2005) with CU and HU that were 
established from greenhouse air temperatures, and subsequent growth stages measured in 
the field is essential for developing new advancement methods for peony crops in cool 
climates. These may present alternatives that are lower cost than greenhouse production 







The objectives of this study were first, to evaluate high tunnel and field production 
practices on snapdragon blooming time, yield, and quality. Second, trial the suitability of 
‘Chantilly’, ‘Potomac’, and ‘Rocket’ to cut flower production in the U.S. Intermountain 
West. Third, determine optimal planting dates that lengthen the harvest season and 
increase stem length to meet marketable grades (i.e. greater than 46 cm). Lastly, to 
develop grower support tools that detail production recommendations and economics. 
Peony 
The objectives of this study were first, evaluate the use of high tunnels, low tunnels, 
and soil heating versus unprotected field conditions for advancing and extending the 
bloom timing of the early season peony ‘Coral Charm’. Second, analyze the total yield 
and the quality of stem production from each temperature treatment. Third, correlate 
plant growth phases and aboveground growth rates with air and soil temperature. Lastly, 
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CHAPTER II 
IMPROVING SNAPDRAGON CUT FLOWER PRODUCTION THROUGH 
 HIGH TUNNEL SEASON EXTENSION, TRANSPLANT TIMING,  
AND CULTIVAR SELECTION1 
Abstract. The demand for locally grown, specialty cut flowers is increasing, and now 
includes non-traditional regions for production, such as the U.S. Intermountain West. The 
objective of this study was to evaluate snapdragon (Antirrhinum majus) as a cool season, 
cut flower crop in Northern Utah, where the high elevation and semi-arid climate result in 
a short growing season with strong daily temperature fluctuations. High tunnel and field 
production methods were trialed in North Logan, Utah (41.77 °N, 111.81 °W, 1382 m 
elevation) with cultivars ‘Chantilly’, ‘Potomac’, and ‘Rocket’ in 2018 and 2019. Each 
year, five to six transplant timings at three-week intervals were tested, beginning in early-
February in high tunnels, and ending in late-May in an unprotected field. Stems were 
harvested and graded according to quality and stem length. High tunnels advanced 
production by five to eight weeks, while field harvests continued beyond the high tunnel 
harvests by two to eight weeks. High tunnels yielded 103 and 110 total stems per m2 (65 
to 89% marketable yields) in 2018 and 2019 respectively, while field yields were 111 and 
162 total stems per m2 (34 to 58% marketability) in 2018 and 2019 respectively. Overall, 
production was greatest with March transplant timings in the high tunnels and mid-April 
transplant timings in the field. ‘Chantilly’ consistently bloomed the earliest on 4 and 6 
May each year, ‘Potomac’ had the highest percentage of long stem lengths, and ‘Rocket’ 




transplant dates in the high tunnel and field based on cultivar bloom timing maximizes 
marketable yields and results in a harvest window lasting 4.5 months.  
Introduction 
Across the U.S., growers have developed local, niche markets for specialty cut flower 
crops that are in demand by U.S. consumers for their unique blooms and fresh quality 
(Armitage and Laushman, 2003). Stems are typically sold wholesale to local retail 
businesses, such as florists, or as prearranged bouquets in direct markets, such as farmers 
markets, farm stands, and CSA subscriptions (Connolly and McCracken, 2016). These 
markets, combined with increasing public demand for local agricultural products (Wolfe 
and McKissick, 2007; Yue et al., 2011; Zongyu et al., 2016), have led to an increase in 
cut flower farms across the United States. National membership in the Association of 
Specialty Cut Flower Growers (ASCFG) quadrupled to 1,980 members between 2008 
and 2020 (Judy Laushman, personal communication, 21 August 2020). Included in this 
growth are nontraditional regions for cut flower production, such as the U.S. 
Intermountain West, where 86 small-scale farms have been established in Utah (Fig. A.1) 
and southern Idaho, as well as a Utah-based cut flower farmer association that gained 114 
members since launching in mid-2019 (UCFFA, 2021). 
Environmental conditions can limit production quantity (total yield, harvest window) 
and quality (stem length, marketable yield), particularly in the high-elevation and semi-
arid climate of the U.S. Intermountain West. Growing seasons are short (116 to 175 frost 
free days), snow events can occur into the growing season, and microclimates can 




2020a; Utah Climate Center, 2020b). Daily temperature fluctuations often exceed 20 °C 
(Gillies and Ramsey, 2009) and solar radiation is 20% more intense than in the central 
and eastern U.S. (Hunter et al., 2012). Therefore, local trials are critical for optimizing 
cut flower production against regional climatic constraints (Ortiz et al., 2012; Wein, 
2009). Surveys of growers emphasize this need with season extension, control of bloom 
timing, and cultivar selection as the top-ranked regional research priorities for Utah in a 
survey conducted at the 2019 Utah Urban and Small Farms Conference (Cut flower 
growers survey, 2019 Utah Urban and Small Farms Conference, 20 February 2019), 
while season extension and control of bloom timing were identified as top needs across 
the U.S. and Canada (Loyola et al., 2019). 
Growing in a low-cost high tunnel can advance and increase production by stabilizing 
environmental conditions (Lamont, 2009; Wells and Loy, 1993), particularly for cool-
season crops. Passive heating advances planting and harvest to meet early market 
demands (Starman et al., 1995; Wein, 2009). High tunnels also offer physical protection 
from late snowstorms and rainfall that can damage the crop (Lamont, 2009; Wein, 2009). 
Later in the growing season, high tunnels can be transformed into shade structures by 
replacing the plastic film covering with shade cloth to reduce temperature and solar 
radiation (Wein, 2009). For cut flower production, shade may have additional benefits, 
such as increasing stem length, hence marketable yields (Armitage, 1991). 
Snapdragons (Antirrhinum majus) are a cool-season crop that florists have indicated 
interest in regularly sourcing from local growers (Wolfe and McKissick, 2007). Though 
pricing varies by stem length grade and daily demand throughout the year, typical 




lengths, and $12.00-15.00 for long, and extra-long lengths (USDA, 2019). Local 
wholesalers have indicated that there is a preference for stems of 92 cm length, which are 
shipped upright to prevent stem curvature (Roger Callister, personal communication, 22 
March 2021).  Therefore, farm revenues may be increased with production practices that 
can consistently supply longer stems, stored upright, over a greater window of time. 
Key factors influencing snapdragon stem length and bloom timing are day length and 
temperature. As quantitative long day plants (Armitage and Laushman, 2003; Owen et 
al., 2018), snapdragons will flower under short days, but days to flowering decreases as 
the daylength and light intensity increases (Adams et al, 2003; Cremer et al., 1998; 
Warner and Erwin, 2005). However, as light duration and intensity increase, stem length 
also decreases (Gutierrez, 2003). The optimal temperature range for snapdragons is 7 to 
18 °C and varies by cultivar (Armitage and Laushman, 2003), which are grouped I 
through IV, according to flower initiation response to temperature, day length, and light 
intensity (Dole and Wilkins, 1999; Larson, 1992). Group I-II cultivars, such as 
‘Chantilly’, bloom the earliest under shorter days and require minimum temperatures of 7 
to 13 °C (Armitage and Laushman, 2003; Dole and Wilkins, 1999) with solar radiation of 
6.2 to 18.6 MJ m-2 d-1 (Ball Horticulture, 2021), while ‘Potomac’ (Group III-IV) and 
‘Rocket’ (Group IV) bloom the latest and require nighttime temperatures of 13 to 16 °C, 
longer day length, (Armitage and Laushman, 2003; Dole and Wilkins, 1999) with solar 
radiation of 15 to 31 MJ m-2 d-1 (Ball Horticulture, 2021). Across cultivars, the maximum 
temperature is 31 °C (Runkle, 2010), indicating an adaptability to lower temperature and 




Based on these temperature and day length requirements, snapdragons have strong 
production potential in the U.S. Intermountain West, and previous research that spans 
across the U.S. Midwest and Southeast helps establish baseline transplant dates, harvest 
timing, yield, and high tunnel use in spring. In a field trial in Tennessee (USDA-ARS, 
2012; USDA Hardiness Zone 7a), ‘Rocket bronze’, ‘Rocket pink’, and ‘Rocket white’ 
(Group IV) were transplanted 5 May and began blooming in early June (Starman et al., 
1995). The total yield averaged 16-30 stems per plant (112 to 210 stems per m2) and 36-
45 cm stem lengths (Starman et al., 1995), though 46 cm is the grading minimum for 
marketable stems according to the Society of American Florists (Miller, 1961).  
In Indiana (USDA Hardiness Zone 5b; USDA-ARS, 2012), ‘Rocket red’ (Group IV) 
was planted on 16 and 17 May, one week after the last frost date, in a high tunnel and 
field (Ortiz et al., 2012). Average yield and stem length were 183 stems per m2 and 51.8 
cm in the high tunnel, and 158 stems per m2 and 39 cm in the field, indicating high 
tunnels can significantly increase both production quantity and quality (Ortiz et al, 2012). 
In high tunnel and field trials in North Dakota (USDA Hardiness Zones 3b to 4a, USDA-
ARS, 2012), ‘Rocket’ mix and ‘Potomac white’ were planted 20 May through 10 June 
2016 and 24 Apr. through 2 June 2017 (Kluza, 2019), up to 7 weeks before the last frost 
date (North Dakota State University, 2016). These early plantings resulted in average 
yields of 241 stems per m2 with an average stem length of 43 cm in the high tunnel and 
120 stems per m2 with an average stem length of 30 cm in the field (Kluza, 2019). 
‘Rocket’ produced 40% more stems than ‘Potomac’ in both systems, but neither cultivar 
met the minimum grade length for marketability. While high tunnel use (Kluza, 2019; 




2012; Starman et al., 1995; Wein, 2013), and multiple planting dates (Kluza, 2019) have 
been explored independently, testing combinations of I-II and III-IV groups with 
staggered transplant dates under high tunnel and field production systems have not been 
evaluated and may further increase production and extend the harvest season. 
To promote stem elongation during late spring and summer production, shade cloth 
may be used to reduce light intensity, but may increase time to flowering (Armitage, 
1991; Li et al., 2017; Wein, 2009). Compared to an unshaded control, snapdragon stem 
lengths were 2 cm longer under 30% shade and 17 cm longer under 60% shade (Alhahjoj 
and Munir, 2016). However, compared to the unshaded control, 30% shade delayed 
flowering by seven days and 60% shade delayed flowering by 39 days (Alhahjoj and 
Munir, 2016). These trials were conducted in Al-Ahsa, Saudi Arabia, where average solar 
radiation ranges from 19.6 to 25.3 MJ m-2 d-1 during March through July (Alhahjoj and 
Munir, 2016), compared to 13.7 to 29.1 MJ m-2 d-1 in Northern Utah (Logan, UT) (Utah 
Climate Center, 2020b). In Starkville, Mississippi, where average solar radiation ranges 
14.9 to 21.3 MJ m-2 d-1 in March through July (Delta Agricultural Weather Center, 2021), 
the stem length of ‘Potomac red’ significantly increased from 86.2 cm in full sun to 98.9 
cm under 50% shade for the first spring harvest (Li et al., 2017). However, shade delayed 
springtime harvests by one week, stem length was not significantly different from 
unshaded controls in subsequent harvests, nor was there a significant difference in total 
yield per plant (Li et al., 2017), indicating a tradeoff for using shade to maximize initial 
stem length.  
As an alternative to shade, snapdragons can also be produced in late-summer through 




Hardiness Zone 5b; USDA-ARS, 2012), ‘Potomac Lavender’ was planted on 9 July in a 
high tunnel and field with a harvest period that began 17 Aug., and ended on 18 October 
(Owen et al., 2016), 54 days before the first frost date (National Weather Service, 2012b). 
Marketable stem lengths averaged > 60 cm and did not differ significantly between high 
tunnel and field treatments (Owen et al., 2016). In Alabama (USDA-ARS, 2012; USDA 
Hardiness Zone 8a), ‘Potomac’ mix reached an average stem length of 78-92 cm when 
transplanted into a high tunnel on 30 July, and harvested as a single stem per plant from 
24 Sept. through 8 Oct. (Sherrer et al., 2013), 28 days before the first frost date (NWS, 
2012a). The productivity of high tunnels in late summer through early fall in the U.S. 
Midwest and Southeast demonstrates a potential for late-season production. Using high 
tunnels to extend late-season harvest past the first frost dates, may further increase 
production, particularly in areas with shorter growing seasons.  
The use of high tunnels with field production, multiple snapdragon cultivar groups at 
staggered transplant timings, and shading could result in greater yields with improved 
stem quality for an extended growing season. Therefore, the objectives of this study were 
to 1) evaluate high tunnel and field production practices on snapdragon bloom timing, 
yield, and quality; 2) trial snapdragon cultivars across groups, including ‘Chantilly’ (I), 
‘Potomac’ (III-IV), and ‘Rocket’ (IV), for both their productivity in the U.S. 
Intermountain Mountain West and ability to stagger production; and 3) determine optimal 






Materials and Methods 
Site Description: Trials were conducted at the Utah Agricultural Experiment Station 
Greenville Research Farm in North Logan, Utah (41.77 °N, 111.81 °W, 1382 m 
elevation, 135 freeze-free days, and an average last frost date on May 15) during 2018-19 
(Utah Climate Center, 2020b). The soil is a Millville silt loam with 2% organic matter. 
Production was evaluated in high tunnel and unprotected field conditions. Two quonset-
style high tunnels, each 4.3 m wide × 11.8 m long, were oriented east to west (Black et 
al., 2008). Each high tunnel contained two, 1.1 m wide × 11.8 m long beds. The adjacent, 
unprotected field was 4.3 m wide × 11.6 m long in 2018, 6.7 m wide × 9.7 m long in 
2019, and contained three beds that were 1.1 m wide × 9.7 m long each year.  
Plots (0.83 m2) within each bed were established to independently evaluate the high 
tunnel (Fig. C.1, C.3) and field (Fig. C.2, C.4) production of three cultivars, Chantilly, 
Potomac, and Rocket at selected transplanting times. In the high tunnel (HT), the 
transplant timings were early-February (HT-EF), early-March (HT-EM), late-March (HT-
LM), and early-April (HT-EA). The field (F) was transplanted in late-April (F-LA) and 
late-May (F-LM). Corresponding reference transplant timing and actual dates in years 
2018 and 2019 as follows: HT-EF (9 Feb. 2018), HT-EM (2 Mar. 2018, 7 Mar. 2019), 
HT-LM (23 Mar. 2018 and 26 Mar. 2019), HT-EA (13 Apr. 2018, 12 Apr. 2019), F-LA 
(26 Apr. 2018, 24 Apr. 2019), and F-LM (22 May 2018, 27 May 2019). In 2018, only 
‘Chantilly’ and ‘Potomac’ were planted during HT-EF and this transplant timing was not 




 Site preparation: High tunnels were covered with a single layer of 0.15 mm 
greenhouse film (Tufflite, IV Clear, Grand Rapids, MI, U.S.) in fall before significant 
snowfall. Soils were rototilled each spring and a slow-release fertilizer (Nutricote Total 
Type 100, 18N-6P-8K, New York, NY, U.S.) was incorporated at a rate (kg ha-1) of 209 
N, 13 P, and 64 K. Three lines of drip tape (Toro, Aqua-Traxx, 1.29 lph per emitter at 
68.9kPa, 10 cm in-line emitter spacing, Bloomington, MN, U.S.) were spaced 45 cm 
apart on tilled beds and covered with 0.025 mm black plastic mulch (Robert Marvel, 
embossed plastic, Annville, PA, U.S.), which has shown to double snapdragon stem 
yields compared to bare ground (Sherrer et al., 2013). Plants were spaced on a 0.23 m 
grid, for a total of 16 plants per plot in 2018, and 18 plants per plot in 2019.  
Plant Culture: Seeds were sown in 128-plug trays using soilless media (Sungro, 
Sunshine Mix #4, Agawam, MA, U.S.), covered with a thin layer of vermiculite (Therm-
O-Rock, Vermiculite, Pittsburgh, PA, U.S.), and grown in a greenhouse until 
transplanting. Fertilizer (Peters Excel, 21-5-20, Allentown, PA, U.S.) was applied twice 
per week at a concentration of 100 ppm. From germination until transplant, plugs were 
provided supplementary light for six hours every day. Temperature was maintained at 21 
°C during the day and 15 °C at night. Plugs were treated for white flies using insecticide 
(Marathon II, Bluffton, SC, U.S.) as needed. Five weeks later, once plants had four to six 
sets of true leaves, stems were pinched, leaving three nodes to encourage multi-stemmed 
plants. One week after pinching, plugs were then transplanted into the high tunnel or field 
plots. 
High tunnel and field management: After transplant, floating row covers (Agribon, 




high tunnel through mid-April to reduce damage from freezing temperatures. After 
removal of the covers, a horizontal trellis system of nylon mesh (Tenax Hortonova, 15 
cm2 trellis netting, Vigano (LC) Italy) was installed to encourage straight, marketable 
stems (Larson, 1992). Soil moisture was monitored in all treatments using Watermark 
sensorsTM (Irrometer Company, Riverside, CA, U.S.) and irrigated at a -60 kPa soil water 
potential. Irrigation events typically occurred every two weeks in the spring and fall and 
at least once per week in summer. 
High tunnel temperature was managed by manually venting the structure based on 
field weather conditions reported from an automated weather station located 0.2 km from 
the tunnels at the Greenville Station (Utah Climate Center, 2020). A temperature range of 
10 to 21 °C was maintained by opening the door vents when solar radiation was greater 
than 400 W m-2 and outside air temperature was greater than 5 °C; the doors were opened 
when air temperature was > 15 °C, and the sides of the high tunnel were raised when air 
temperature was > 25 °C. Each year in late May, the high tunnel film was replaced with 
30% shade fabric (DeWitt, Woven Shade Cloth Fabric, Sikeston, MO, U.S.). In May of 
2019, two of the four field replications were also covered in 30% shade that was installed 
on the south side of low tunnel arches (Maughan et al., 2017) to compare with production 
under full sun. Starting in late June, plants were fertigated at a rate of (kg ha-1) 20 N, 8.74 
P, and 16.6 K (Peters, 20-20-20, Allentown, PA, U.S.) every three weeks to promote new 
growth. Horizontal nylon mesh trellis was moved upwards with crop growth to reduce 
incidence of stem curvature. In 2019, yield declined in late-July within the high tunnel 
and stems were trimmed back to three to four nodes to promote and evaluate new growth 




Data Collection and Analysis: Stems were harvested leaving one to four nodes at the 
base of each stem, three times per week (e.g. Monday, Wednesday, Friday), when one-
third of florets were open. After harvest, each stem was graded as marketable or cull 
based on length and visual quality by adapting standards from the Society of American 
Florists (Miller, 1961; Dole and Wilkins, 1999). Marketable stems were ≥ 46 cm and 
straight (no curvature), with a properly developed raceme and no visual damage. 
Marketable stems were further graded according to minimum stem length categories of 
“first” (46-60 cm stem length), “extra” (61-75 cm), “fancy” (76-90 cm), and “special” (> 
91 cm). Stems were culled if the length class was “utility” (shorter than 46 cm), or if they 
exhibited curvature, malformed blooms, or other visual damage from insects or disease. 
All marketable stems were sold through local markets, May through September, in 
bunches of 5 stems. Total yield, calculated by stems per m2, is represented by T20, T50, 
and T80 when harvested yield reaches 20, 50, and 80 percent of total yield.  
Statistical Analysis: A randomized complete block design was used in the high tunnel 
trials, with blocking by tunnel and beds. Cultivars and transplant timing combinations 
were randomly assigned to plots within each block. In the field, a completely randomized 
design was used; thus, the high tunnel and field trials were analyzed independently. A 
mixed model for high tunnel data and a two-way ANOVA for field data were used to 
analyze the total yield and marketable yield with PROC GLIMMIX of SAS/STAT 15.1 
(SAS Institute; Cary, NC). Cultivar, transplant timing, and their interaction were fixed 
effects in both models. Within the mixed model for high tunnels, tunnel and beds were 
random factors. Interactions between cultivar and transplant timings were highly non-




were estimated. Pairwise comparisons among cultivars and among transplant timings 
were evaluated with Tukey-Kramer’s method to adjust for multiplicity. Significance was 
defined at the 0.05 level. Note, after preliminary data indicated that HT-EF 
underperformed in 2018, the transplant period was not repeated in 2019, and statistical 
analyses were not performed for HT-EF nor 2018 yields of ‘Rocket’ due to a lack of 
replication.  
Results 
Environmental conditions: Weather data are given in Table 1.1. Overall, the average 
and minimum field air temperatures were warmer and fluctuated less in 2018, than in 
2019, particularly from February through July. The total precipitation was greater in 2019 
than in 2018. Though less total precipitation fell in May 2019 than in May 2018, the 
majority fell from 16 to 28 May, which delayed the F-LM planting in 2019 by five days. 
The average daily solar radiation was similar across years and ranged from a low of 9 MJ 
m-2 d-1 in February to up to 30 MJ m-2 d-1 in June. In the high tunnel, the average air 
temperature was 7.3 °C higher than in the field by March, and 10 °C cooler by July of 
each year. 
Production in high tunnel and field: High tunnel harvests began 4 and 6 May and 
ended on 30 and 31 July each year (Fig. 1). The total yield ranged from 79 (± 6 SE) to 
119 (± 8 SE) stems per m2, while marketable yields ranged from 53 (± 4 SE) to 97 (± 7 
SE) stems per m2 (Table 2). In the field, harvests began 13 June and 1 July and ended on 




(± 18 SE) stems per m2 across years, while marketable yields ranged from 35 (± 5 SE) to 
80 (± 5 SE) stems per m2 (Table 3). 
Production by transplant timing: Each year, HT-EM and HT-LM transplant timings 
resulted in the greatest total (92-121 stems per m2) and marketable (63-95 stems per m2) 
yields; yields for these timings were not significantly different in either year (Table 2). 
On the other hand, HT-EA averaged 64 (± 6 SE) to 79 (± 5 SE) total and 36 (± 8 SE) to 
62 (± 5 SE) marketable stems per m2 each year, which were significantly lower than 
yields from HT-EM and HT-LM timings (Table 1.2). Across all cultivars in high tunnel 
production, HT-EM reached harvest yields T20, T50, and T80 up to 10 days earlier than 
HT-LM, and up to 17 days earlier than HT-EA (Fig. 1.) For the field, F-LA transplants 
produced an average of 98-209 total and 53-59 marketable stems per m2 each year, 
whereas F-LM averaged 91-100 total and 36-56 marketable stems per m2 (Table 1.3). 
Though transplanting in F-LA resulted in greater total and marketable yields than F-LM 
in both years, differences were only significant in 2019 (Table 1.3). Across all cultivars 
in field production, F-LA reached harvest yields T20, T50, and T80 five to 20 days earlier 
than F-LM (Fig. 1.1).  
Production by Cultivar × Transplant timing: T20, T50, and T80 were four to seven days 
earlier for  ‘Chantilly’ × HT-EF than ‘Chantilly’ × HT-EM, whereas ‘Potomac’ × HT-EF 
was one day earlier to four days later than ‘Potomac’ × HT-EM (Fig. 1.1). Total and 
marketable yields for the HT-EF or HT-EM transplant timings were not significantly 
different for either cultivar (Fig. 1.1), thus the HT-EF timing was not repeated in 2019. 




HT-LM timings, which annually produced 81-109 total and 60-91 marketable stems per 
m2 (Table 1.2). The average total yields of ‘Potomac’ were also greatest from HT-EM 
and HT-LM timings and ranged from 94-135 stems per m2 across years, but HT-LM 
produced the greatest percentage of marketable stems (Table 1.2). For ‘Rocket’, HT-LM 
transplants produced the greatest total and marketable yields of 141 (± 16 SE) and 119 (± 
15 SE) stems per m2, respectively, while those planted in HT-EA produced the greatest 
percentage of marketable stems (Table 1.2). 
Across both transplant timings in the field, ‘Chantilly’ production began the earliest, 
with T20 occurring 12 to 22 days earlier than ‘Potomac’ and ‘Rocket’ across both years 
(Fig. 1.1). The timing of T20, T50, and T80 for ‘Potomac’ was two to five days earlier than 
‘Rocket’ in 2018, but one to 10 days later in 2019. ‘Chantilly’ had nearly the same 
average total and marketable yields for F-LA and F-LM in 2018 (Table 1.3). In 2019, F-
LA transplants averaged 254 (± 33 SE) total and 48 (± 11 SE) marketable stems per m2 
and F-LM averaged 152 (± 20 SE) total and 64 (± 14 SE) marketable stems per m2 (Table 
1.3). ‘Potomac’ produced greater average total yields when transplanted in F-LA than in 
F-LM across both years (Table 1.3). The average marketable yields were the same 
between timings in 2018, but F-LA transplants produced over two times greater 
marketable yields (52 stems per m2) than F-LM transplants (24 stems per m2) in 2019 
(Table 1.3). Similarly, ‘Rocket’ transplanted in F-LA produced 2.5 and 2 times greater 
total and marketable stems per m2, respectively, than transplants from F-LM (Table 1.3).  
Second Flush: After a mid-summer pruning to stimulate a second flush in 2019 




‘Chantilly’ also reached T50 four to seven days earlier and T80 12-15 days earlier than 
‘Rocket’ and ‘Potomac’ (Fig. 1.1). ‘Chantilly’ produced a total yield of 80 (± 33) stems 
per m2, which was significantly greater than both ‘Potomac’ with 55 (± 22) stems per m2 
(p = 0.004) and ‘Rocket’ with 52 (± 21) stems per m2 (p = 0.001). However, the 
marketable yields for ‘Chantilly’, ‘Potomac’, and ‘Rocket were 40 (± 15), 32 (± 12), and 
31 (± 11) stems per m2, respectively, which were not significantly different (p > 0.05). 
Marketable yields of the second flush were lower than the first flush by 33%, 22%, and 
13% for ‘Chantilly’, ‘Potomac’, and ‘Rocket’, respectively. No statistical differences 
were found between transplant timings (p > 0.05). 
Stem quality: Across transplant timings in the high tunnel for the first flush, the 
majority of the stems produced by ‘Chantilly’ graded as “extra”, “fancy”, and “special” 
from May to June, and “utility” in July. The majority of stems produced by ‘Potomac’ in 
June and July graded as “utility” and “special”, while ‘Rocket’ graded as “special” in 
June and July (Table B.2). During the second flush (August to September), the majority 
of stems graded as “utility”, “first”, and “extra” for ‘Chantilly’; “utility”, “extra”, and 
“fancy” for ‘Potomac’; and “utility”, “first”, “extra”, and “fancy” for ‘Rocket’ (Fig. 1.2). 
In the field, across transplant timings and cultivars, the majority of stems graded as 
“utility”. The second most common stem grade was “first” for ‘Chantilly’ and ‘Rocket, 
and “first” and “extra” for ‘Potomac’ (Table B.2). Despite differences in marketable 
grades, all stems sold on local markets as bunches of five stems for $7.50 from May 
through September each year. Approximately 40% of stems graded as “utility” sold at a 




Shading treatment: Field production under 30% shade averaged 147 total (± 9 SE) 
and 52 marketable (± 6 SE) stems per m2, while unshaded controls averaged yields of 176 
(± 23 SE) total and 47 (± 4 SE) marketable stems per m2. No significant differences were 
found between shading treatments for either total (p = 0.285) or marketable (p = 0.218) 
stem production. All cultivars reached T20, T50, and T80 seven days earlier in the 
unshaded control than in the shaded treatment. No differences were found between the 
percentage of stems within each grade. 
Discussion 
Snapdragon harvests from high tunnels began three weeks before the last frost date, 
five to eight weeks earlier than field harvests, produced fewer culls, and had a greater 
percentage of marketable stems in the “extra” to “special” grades than the field 
production system. High tunnels allowed for earlier transplant timings that maximized 
time under cooler growing conditions, while sequential transplant timings staggered the 
T50 peak production by up to three weeks in the high tunnel and four weeks in the field. 
The lack of protection from freezing temperatures in spring, high temperatures during 
peak production, wind, and high light intensity likely limited stem length and quality in 
the field, compared to the high tunnel, as was found in other studies (Ortiz et al., 2012; 
Wein, 2009). However, field production continued 2-8 weeks after marketable yields in 
the high tunnels declined, which allowed for an extended harvest later into summer.  
In 2018, field harvests began earlier, and the percentage of marketable yields was 
greater than in 2019. The earlier field harvest is attributed to the warmer minimum 




while the lower marketable yields of 2019 are attributed to the more extreme fluctuations 
in air temperature that lasted from Mar. through Sept. 2019. In particular, the super-
optimal average maximum temperatures from May through July 2019, and greater light 
intensity likely led to shorter stems and lower marketability.  
Selecting cultivars across maturity groups made use of the increasing temperature and 
daylength during the growing season to stagger and extend harvest. ‘Chantilly’ (Group I-
II) generally bloomed earlier than ‘Potomac’ (Group III-IV) and ‘Rocket’ (Group IV) in 
both years across high tunnel and field production systems. ‘Chantilly’ benefited from 
early transplant timings, as warmer temperatures limit stem length later in summer 
(Wein, 2009). ‘Rocket’ generally bloomed later than the other cultivars, as is consistent 
with its Group IV classification, and extended the production window later into July and 
August. While ‘Chantilly’ has been shown to be nearly five times more productive than 
‘Potomac’ in New York high tunnels (Wein, 2013), ‘Potomac’ may be better suited for 
the U.S. Intermountain West because of its tolerance of increased temperatures and light 
levels. However, by late-July, stems of ‘Potomac’ could not support the weight of the 
blooms, which caused curvature, a trait that reduced marketability and was also noted by 
Ortiz et al. (2012) and Kluza (2019) during warmer months. High tunnel yields of 
‘Rocket’ (Group IV) produced up to 26% more stems than ‘Chantilly’ or ‘Potomac’; 
similarly, in North Dakota high tunnels, ‘Rocket’ produced 40% more stems than 
‘Potomac’ (Kluza, 2019). 
In the field, ‘Chantilly’ produced significantly greater total yields than ‘Potomac’ and 
‘Rocket’, but stem lengths were shorter, hence less marketable. Wein (2013) found field 




lavender’, but the average stem length was also shorter (43 cm for ‘Chantilly velvet’ 
versus 61 cm for ‘Potomac lavender’). Shorter stems are likely the response of the earlier 
cultivar group to increased temperatures (Kluza, 2019). Group I-II cultivars, such as 
‘Chantilly’, require shorter daylengths and lower temperatures than Groups III-IV, 
therefore, likely produced significantly lower marketable yields during mid-summer field 
production.  
Multiple transplant timings further staggered the harvest window and the optimal 
transplant timings across cultivars were early to late March (ten to seven weeks before 
the last frost date) in the high tunnel, based on total and marketable yields. The early-
February transplant timing in the high tunnel advanced the initial production of 
‘Chantilly’ by one week, but had minimal impact on the peak yield, while ‘Potomac’ 
transplanted in early-February and early-March bloomed at nearly the same time. 
Therefore, Group I-II cultivars may present an opportunity to transplant in early-
February, but Group III-IV cultivars are not recommended due to their higher 
temperature and longer day length requirements for floral initiation.  
Early-April high tunnel transplants matured under warmer conditions, which reduced 
the total and marketable yields of ‘Chantilly’ by 33-62% and ‘Potomac’ by 20-48%, 
compared to those transplanted in early-March. Conversely, ‘Rocket’ transplants from 
early-April were only reduced by 0-18%, suggesting a higher adaptability of this cultivar 
to higher temperatures. Previous research found no significant differences in yield or 
stem length between ‘Potomac Red’ transplanted in early March versus mid-April in a 




and reinforces the need for regional trials to determine optimal transplant timings based 
on local climatic conditions. 
The second flush in the high tunnels increased the annual yield in 2019, but stem 
quality grades were lower than those from the first flush. ‘Chantilly’ produced the 
greatest total yield during the second flush, and this is attributed to its lower optimum 
temperature requirements than for ‘Potomac’ and ‘Rocket’. A similar trend occurred in 
Indiana, where spring-transplanted ‘Rocket red’ produced 90% more stems per m2 than 
fall-transplanted ‘Potomac orange’ in the high tunnel (Ortiz, 2012). Greater production 
during a second flush may be possible by extending harvests into October (i.e. past the 
first frost date) however, the spread of snapdragon rust (Puccinia antirrhini) ended this 
trial on 27 September. As a cool season crop, snapdragons have potential for fall markets, 
particularly when an established root structure has developed from summer production. 
Shading treatments in the field production system had no significant effect on total 
and marketable yields or harvest timing, though other studies have shown shading to both 
delay initial bloom timing and increase stem length, compared to non-shaded 
snapdragons (Alhahjoj and Munir, 2016; Li et al., 2017). The lack of significance may be 
due to low statistical power to analyze interactions between shading, cultivars, and 
transplant timings, as there were only two replicates between shade and unshaded 
treatments. The lack of significance could also be due to the presence of strong wind, 
which is shown to result in shorter stem lengths in the field, compared to protected high 




The variation in stem length and quality between cultivars, and harvest dates would 
suggest price differences throughout the year according to snapdragon wholesale market 
history that is reported nationally. However, local markets did not support price variation 
by marketable grade. Regardless of stem length, bunches of five consistently sold for 
$7.50, the equivalent of the maximum wholesale price for long to extra-long stems 
(USDA, 2019), indicating a strong and consistent market demand for local production 
and more relaxed standards for quality based on stem length. However, sellers and 
florists also showed preference for stem lengths between 60 and 76 cm, which were less 
prone to breakage during storage, transport, and floral arranging, and stems that were 
stored upright to prevent curvature. Therefore, continued, local production of stems that 
are 60 cm or longer, which can be trimmed to the marketable length, and are minimally 
curved, can supply a niche market in high demand. This can be achieved by transplanting 
‘Chantilly’ in early-February to late-March and ‘Potomac’ and ‘Rocket’ in early- to late-
March in high tunnels, and ‘Potomac’ and ‘Rocket’ in the field during late-April. In the 
second flush, all cultivars produced marketable yield percentages that were lower than 
the first flush but lengthened the production window by 2 months. Utilizing a second 
flush rather than a second planting in fall has lower material and labor costs but still 
improved profits and lengthened the production window. The season-long evaluation of 
snapdragons as a cut flower provides a foundation for cultivar selection, and based on 
optimal transplanting times, to lengthen the harvest window and improve production 
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Fig. 1.1. The average cumulative yield in stems per m2 for cultivar × transplant timing in 
2018 (A, C, E) and 2019 (B, D, F). Blue shades represent transplant timings in high 
tunnels (HT): early-February (EF), Early-March (EM), Late-March (LM), and mid-
April (MA); red shades represent transplant timings in the field (F): late-April (LA) 
and late-May (LM). The vertical lines in B, D, and F represent the pruning timing 
within the high tunnels to promote a second flush of stems. The percent of total yield 
is indicated by symbols along each cultivar × transplant timing line for T20 (20%, 




Table 1.2. High tunnel (HT) production by mean total and marketable yields in stems per 
m2 (±SE) during 2018 and 2019. ‘Chantilly’ (C), ‘Potomac’ (P), and ‘Rocket’ (R); and 
transplant timings early-March (HT-EM), late-March (HT-LM) and early-April (HT-
EA) with significance of pair wise comparisons between treatments. 
Effect Cultivar and transplant timing 
Total yield Marketable yield 





Chantilly (C) 79 (6) 90 (6) 53 (4) 75 (5) 
Potomac (P) 101 (8) 88 (6) 62 (5) 63 (5) 
Rocket (R) ---z 119 (8) ---z 97 (7) 
C vs. P (p-value) 0.025 0.984 0.236 0.240 
P vs. R (p-value) ---z 0.017 ---z 0.002 




HT-EM 121 (11) 104 (7) 82 (8) 78 (6) 
HT-LM 92 (9) 114 (8) 63 (7) 95 (7) 
HT-EA 64 (6) 79 (5) 36 (8) 62 (5) 
HT-EM vs. HT-LM (p-value) 0.113 0.571 0.207 0.184 
HT-LM vs. HT-EA (p-value) 0.024 0.004 0.005 0.002 




C HT-EM 109 (14) 99 (11) 82 (12) 84 (10) 
C HT-LM 81 (10) 109 (13) 60 (9) 91 (11) 
C HT-EA 55 (7) 67 (8) 31 (4) 56 (7) 
P HT-EM 134 (17) 94 (11) 82 (12) 66 (8) 
P HT-LM 105 (13) 97 (11) 67 (10) 79 (10) 
P HT-EA 74 (9) 75 (9) 43 (6) 49 (6) 
R HT-EM ---z 120 (14) ---z 87 (11) 
R HT-LM ---z 141 (16) ---z 119 (15) 
R HT-EA ---z 99 (11) ---z 89 (11) 




Table 1.3. Field (F) production by mean total and marketable yields in stems per m2 
(±SE) during 2018 and 2019. ‘Chantilly’ (C), ‘Potomac’ (P), and ‘Rocket’ (R); and 
transplant timings late-April (HT-LA) and late-May (HT-LM) with significance of 
pair wise comparisons between treatments. 
Effect  Cultivar and transplant timing 
Total yield Marketable yield 
2018 2019 2018 2019 
  --------------Stems per m2--------------- 
Cultivar 
 
Chantilly (C) 85 (5) 197 (18) 45 (3) 55 (9) 
Potomac (P) 105 (7) 114 (10) 80 (5) 35 (5) 
Rocket (R) ---z 134 (12) ---z 41 (7) 
C vs. P (p-value) 0.035 0.001 0.0004 ---y 
P vs. R (p-value) ---z 0.436 ---z ---y 




F-LA 98 (6) 209 (15) 59 (4) 53 (7) 
F-LM 91 (6) 100 (8) 56 (4) 36 (5) 





C F-LA 85 (8) 254 (33) 47 (5) 48 (11) 
C F-LM 84 (7) 152 (20) 43 (5) 64 (14) 
P F-LA 111 (10) 170 (20) 74 (8) 52 (11) 
P F-LM 98 (9) 77 (10) 74 (8) 24 (5) 
R F-LA ---z 211 (27) ---z 58 (13) 
R F-LM ---z 85 (11) ---z 29 (7) 
z ‘Rocket’ was not included in the statistical analysis for 2018.  




Table 1.4. Second flush high tunnel (HT) production by mean total and marketable 
yields in stems per m2 (±SE) during 2018 and 2019. ‘Chantilly’ (C), ‘Potomac’ (P), 
and ‘Rocket’ (R) with significance of pair wise comparisons between treatments. 
Effect Cultivar and transplant timing 
Total Marketable 
----- Stems per m-2 ----- 
Cultivar 
 
‘Chantilly’ (C) 80 (33) 40 (15) 
‘Potomac’ (P) 55 (22) 32 (12) 
‘Rocket’ (R) 52 (21) 31 (11) 
C vs. P (p-value) 0.003 0.153 
P vs. R (p-value) 0.821 0.922 




Early-March (HT-EM) 64 (26) 35 (13) 
Late-March (HT-LM) 59 (24) 35 (13) 
Early-April (HT-EA) 61 (25) 32 (12) 





C HT-EM 74 (31) 37 (15) 
C HT-LM 90 (37) 46 (18) 
C HT-EA 77 (32) 38 (15) 
P HT-EM 61 (25) 34 (13) 
P HT-LM 54 (23) 33 (13) 
P HT-EA 50 (21) 30 (12) 
R HT-EM 57 (24) 34 (13) 
R HT-LM 42 (17) 28 (11) 
R HT-EA 59 (25) 30 (12) 





























Fig. 1.2. The average yield in stems per m2 by cultivar and stem quality. Stems 
categorized as “utility” (shorter than 46 cm stem length), “first” (46-60 cm), “extra” 
(61-75 cm), “fancy” (76-90 cm), and “special” (>91 cm), harvested in 2018 (A, C) 
and 2019 (B, D, E). Production during the main season is given for the field (A, B) 
and high tunnels (C, D) in 2018 and 2019, and the second flush is given for the high 
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CHAPTER III 
SEASON EXTENSION OF PEONY ‘CORAL CHARM’ AS A CUT FLOWER 
THROUGH SOIL HEATING, LOW TUNNEL, AND HIGH TUNNEL REGIMES1 
Abstract: Paeonia lactiflora is a high value crop with a temperature-dependent growth 
response that requires worldwide production to satisfy year-round demand. The objective 
of this study was to evaluate early blooming ‘Coral Charm’ peony as a cool season crop 
in the U.S. Intermountain West. High tunnel and field production methods were trialed in 
North Logan, Utah (41.77 °N, 111.81 °W, 1382 m elevation) with the addition of low-
tunnel and soil heating treatments, in 2019 and 2020. High tunnels were closed on 1 
February after chilling was satisfied and the low-tunnel and soil heating treatments were 
applied in the high tunnel and field after stem emergence. Measurements of soil and air 
temperature, bi-weekly stem height and bud diameter, and the date and quality of 
harvested stems were recorded. High tunnels advanced production by three weeks, while 
the field extended production by 1.5 weeks, resulting in a harvest window of 4.5 weeks. 
The use of a low-tunnel with soil heating advanced the initial harvest date compared to 
the control in both the high tunnel and field by three and seven days in 2019 respectively, 
and six days in 2020. However, the quality significantly decreased under low-tunnels 
with soil heating compared to the control due to super-optimal heating that damaged 
buds, and led to an increase in disease and insect pressure. Overall, the increase in soil 
temperature advanced early stages of production when the meristem is below or near the 






Herbaceous peony (Paeonia lactiflora) are thermoperiodic, geophytic plants 
(Barzilay et al., 2002). Peony are adapted to areas with extreme winters and short 
growing seasons, such as native regions of Eurasia through Northern China (Walton et 
al., 2007), though are now produced across the world. Greenhouse production has 
traditionally supplied early markets and may yield 40% more stems than field production, 
but bud abortion rates are high and stem lengths can be short (Byrne and Halevy, 1986). 
Therefore, field techniques are needed for cool climates that maintain strong yields and 
high-quality stems, while advancing the harvest timing to meet early market demands. 
Understanding the developmental phases of peony may aid practices that advance 
production. Peonies grow rapidly in spring by using stored photosynthates in 
underground storage organs to initiate growth (Dole, 2003). Within 60-70 days after bud 
emergence, the stems elongate to a final height of 50-70 cm and blooming occurs 
(Barzilay et al., 2002), with bloom timing and stem length dependent on the cultivar and 
environmental conditions (Holloway et al., 2020). After anthesis, buds begin to form at 
the base of the stems and plants enter a dormancy phase in fall (Byrne and Halevy, 1986, 
Barzilay et al., 2002). During this time, growth ceases and chill units (CU) accumulate 
that are required to break dormancy the following year (Barzilay et al., 2002; Fulton et 
al., 2000). 
Chilling requirements have been modelled for greenhouse production as a linear 
function of air temperature. Across cultivars, chilling can occur from 1 to 17 °C, and chill 




per h at 7 °C (Fulton et al., 2001). Early blooming cultivars, such as ‘Coral Sunset’, 
require the greatest chilling, with a minimum requirement of 983 CU (Fulton et al., 
2001). However, chilling beyond the minimum to 1042-1122 CU improved production 
by increasing the number of stems, stem length, and percentage of flowering stems 
(Fulton et al., 2001; Kamenetsky et al., 2003; Evans et al., 1990; Byrne and Halevy, 
1986). Extended chilling may also reduce time to emergence. When chilled at 1 °C and 
forced at 18 °C, ‘Coral Sunset’ emerged in 23 days with six weeks of chilling, but in 
three days with 12 weeks of chilling (Fulton et al., 2001). Therefore, cool regions that 
accumulate excessive CU may have an opportunity to advance early-season production 
by ending dormancy after sufficient chilling is reached that maintains production quality, 
quantity, and timing. 
After dormancy ends, heat unit (HU) accumulation drives the next three phases of 
development: shoot emergence, flower bud appearance, and flowering (Hall et al., 2007). 
Shoot emergence is described as the phase from the end of dormancy until shoots are 
visible above the soil surface. This phase typically requires 225-336 HU, which varies 
depending on cultivar (Hall et al., 2007). Though the shoot emergence phase occurs 
belowground, HU can be calculated with air or soil temperature. Results from the air or 
soil-based models were not significantly different when applied to pot studies in a 
greenhouse system (Hall et al., 2007). However, modelling with soil temperature may be 
more predictive for field production, as differences in air and soil temperature dynamics 
are greater outside of pot production in greenhouse settings. Using the soil model, HU 
accumulated exponentially between a base temperature (Tb) of 0.7 °C, and a threshold 




temperature (Tm) was reached (Hall et al., 2007). This equation was developed with a Tm 
of 20C for greenhouse production (Hall et al., 2007), though a Tm defined by growth rate 
has not been established for peony and a higher Tm may be needed to represent field 
production. 
During the flower bud appearance phase, shoots elongate and foliage unfurls to 
expose the bud, which requires the accumulation of 134-180 HU (Hall et al., 2007). This 
phase is modeled as a linear function when air temperature is above a Tt of 11.1 °C (Hall 
et al., 2007). Though Tb is 5.4 °C for the bud appearance phase, the model does not 
accumulate HU when the air temperature is below Tt (Hall et al., 2007). The final phase, 
flowering, is the period from bud appearance until split bud (200-300 HU) or flower 
opening (400-416 HU) (Hall et al., 2007), though the stage for optimal cut flower harvest 
typically occurs between split bud and full flower opening and has not been quantified. 
This final phase uses the same model as the bud appearance phase, with HU 
accumulating above the Tt of 11.1 °C, but with a lower Tb of 2.6 °C (Fig. 2.1). By 
cultivar, the early-season ‘Coral Sunset’ requires fewer HU for stem emergence and bud 
appearance (225 and 134 HU, respectively), and more HU for flowering (300-415 HU). 
Conversely, the mid- and late-season ‘Sarah Bernhardt’ and ‘Monsieur Jules Elie’ have 
the opposite HU requirements, with more needed for stem emergence (291-336 HU) and 
bud appearance (138-180 HU) and fewer needed for flowering (300-400 HU) (Hall et al., 
2007). Therefore, to advance field production of early-season cultivars, cultural practices 
that increase HU accumulation in late winter to early spring after sufficient CU have 




To target HU accumulation, day/night air temperatures must be considered. Studies 
with ‘Sarah Bernhardt’ indicate a day/night forcing temperature of 22 °C day/10 °C night 
is the optimal day/night temperature for shoot and bud development (Kamenetsky et al., 
2003). Under these conditions’ plants produce the second longest stems (85 cm) and 
greatest number of flowers per plant (five flowers per plant), with 42% of flower buds 
reaching anthesis (Kamenetsky et al., 2003). However, at 22 °C day/10 °C night, 
flowering occurred in 83 days, which was significantly later than plants exposed to 
temperatures greater than 22 °C day/16 °C night, which flowered in 53-69 days 
(Kamenetsky et al., 2003). At warmer temperatures of 28 °C day/10 °C night, 15% of 
flower buds reached maturity while nearly all buds aborted at 28 °C day/22 °C night, 
(Kamenetsky et al., 2003). High temperatures also reduced the formation of underground 
buds (Halevy et al., 2005; Kamenetsky et al., 2003) and led to shorter stem lengths (Hall 
et al., 2007), indicating cooler day/night temperatures are optimal for emergence and 
growth (Kamenetsky et al., 2003). Although higher air temperatures significantly reduced 
the days to flowering, temperatures that are decreased to 22 °C day/10 °C night after stem 
emergence are optimal for stem elongation and percentage of blooming shoots 
(Kamenetsky et al., 2003). 
One primary method for advancing field production is through high tunnels, which 
allow for natural chilling in winter and passive heating in spring. In Golan Heights, 
Israel, high tunnels advanced peony production by four weeks and produced stronger 
stems compared to unprotected field conditions, as well as increased flowering by up to 
20% compared to greenhouse production (Halevy et al., 2002). In Northern Utah, high 




temperature by 5 to 10 °C, compared to ambient outdoor air temperature (Drost et al., 
2017). High tunnels have been used to advance primocane raspberry berry production by 
up to four weeks (Black et al., 2019). Primocane raspberries are cut to the ground at the 
end of each season, putting them under similar physiological constraints as herbaceous 
perennials such as peony. Though high tunnels can moderate temperatures throughout the 
year, diurnal temperature fluctuations are large and nighttime lows can limit early season 
production. The use of low tunnels within high tunnels helps increase daytime air 
temperatures by 4.9 °C during the day and 3.1 °C at night (Ward and Bomford, 2013), 
and advance the harvest of other cool season crops (Drost et al., 2017; Rowley et al., 
2011). 
Increasing air temperature with high and low tunnels has been well documented and 
most peony research establishes air temperatures for CU and HU accumulation in 
greenhouses, but soil temperature may also control production in the field. In an effort to 
establish a database of parameters relating temperature to peony development and 
growth, the use of soil temperature at a 5 cm depth has been suggested for CU 
calculations (Yom Din et al., 2015), which is approximately the depth of the dormant bud 
meristems. However, soil temperature may also drive shoot emergence, bud appearance, 
and early aboveground elongation in the field, thus impacting bloom timing. In a study of 
early-season raspberry development, soil temperature (and moisture) was the most 
significant climatic influence on vegetative and reproductive growth (Prive et al., 1993), 
indicating that emergence timing and early growth of perennials may be determined and 
advanced by soil temperature in the field. Therefore, soil heating methods applied early 




method for advancing peony production in cool climates. After CU requirements are met, 
using combinations of high tunnels, low tunnels, and soil heating to accelerate HU 
accumulation may advance and stagger flower production. Since HU models were 
developed from measured air and estimated soil temperature in a greenhouse, testing 
these models in field production systems is required to establish methods for advancing 
peony crops in cool climates. 
The early-season cultivar, ‘Coral Charm’, has exceptional market demand for its early 
flowering time, long stem length, and double bloom that fades from bright coral to cream, 
making it a key candidate to explore for local production of specialty cut flowers. In the 
U.S. Intermountain West, harvests occur from mid-May to early-June under non-forced 
field conditions (Maughan et al., 2018). Advancing peak production to meet the demand 
for two important holiday markets for cut flowers – Mother’s Day (early- to mid-May) 
and Memorial Day (late-May) – may offer premium pricing options for growers. 
Therefore, the objectives of this study were first, evaluate combinations of low tunnels, 
soil heating, and high tunnels with unprotected field conditions on advancing and 
extending the bloom timing of ‘Coral Charm’. Second, analyze the total yield, quality, 
and timing of stem production from each management practice. Finally, correlate plant 
growth phases and aboveground growth rates with air and soil temperatures. 
Materials and Methods 
Site description: Peony trials were conducted at the Utah Agricultural Experiment 
Station Greenville Research Farm in North Logan, UT (41.77 °N, 111.81 °W, 1382 m 




Charm’ tubers were planted in a quonset-style high tunnel that was 4.3 m wide × 12.8 m 
long (Black et al., 2008), and 60 tubers were planted in an adjacent field that was 4.3 m 
wide × 15 m long. Each site was oriented east-west and divided into three rows that were 
each 0.30 m wide × 12.8 m long and spaced 1.2 m apart on center. Tubers were planted 
0.6 m apart within row and 0.05 m deep. Rows included a guard plant at either end and 
were divided into three plots, each 0.30 m wide × 3.6 m long (1 m2), containing of six 
plants. Weed barrier fabric (Dewitt, Weed Barrier, 116 g) was used between rows to 
reduce weed pressure and two lines of drip tape (Toro, Aqua-Traxx) were installed per 
row along either side of the crowns for irrigation. Plants were disbudded in the first three 
years to divert energy to the crown and pruned to the ground after fall senescence. 
Beginning in 2018, lateral buds were removed upon emergence and 50% of buds were 
disbudded after reaching a diameter of 60 mm to increase the harvest size of remaining 
buds and improve long-term production (Rogers, 1995).  
High tunnel management: High tunnels were covered with plastic in late fall before 
snowfall and doors were left open during the winter to allow CU to accumulate. The 
doors were closed 1 February in 2019–20, and temperature was managed by manually 
venting the structure based on weather conditions reported from an automated weather 
station located 0.2 km away (Utah Climate Center, 2020). The optimal temperature range 
of 10 to 21 °C was maintained by opening the door vents when solar radiation was 
greater than 400 W m-2 and outside air temperature was greater than 5 °C; the doors were 
opened when air temperature was greater than 15 °C; and the sides of the high tunnel 
were raised when air temperature was greater than 25 °C. High tunnel plastic was 




treatments using Watermark sensors (Irrometer Company, Riverside, CA) and irrigated at 
a 60 kPa soil water potential. Irrigation events typically occurred every 2-3 weeks in the 
spring and fall and every 1-2 weeks in summer. 
Installation and management of heating treatments: In 2019-20, each bed was 
divided into three, 0.30 m × 3.6 m plots with six plants (area), for a total of nine plots in 
the high tunnel (HT) (Fig. C.5) and nine in the field (F) (Fig. C.6). Three heating 
treatments were then tested in triplicate with a Latin square design in each environment: 
the addition of a low tunnel (LT), and the addition of a low tunnel and soil heating (LT-
H), and an unaltered control (C) (Fig. C.7). Arches for the low tunnels were 1.2 m tall × 
0.9 m wide and covered with frost fabric (Agribon, AG-19, 18.3 g m-2, 85% light 
transmission). To reduce damage to buds, the low tunnels were removed after the plants 
reached the frost fabric (late-March in the high tunnel and late-April in the field). Soil 
was heated with two, 0.30 m W × 3.7 m L infrared heat mats (Infrared Heating Mats, 50 
W m-1, Angelsea LLC) per plot that were installed on either side of the plant crowns and 
oriented along the length of the plots. Thermostatic controllers (Electronic Temperature 
Control, SPDT, NEMA 4X, Ranco) were programmed to activate the mats when the soil 
temperature was less than 4 °C between the edge of the mat and plant crown at a 5 cm 
depth. In 2019, the heating treatments were implemented on 21 March in the high tunnel 
and field. In 2020, the treatments began on 27 February in the high tunnel and 6 March in 
the field in 2020. The amount of power used to maintain the heat mats was recorded in 
the field and high tunnel systems. 
Data collection: Site-specific environmental conditions were monitored from 19 




with thermocouples (Type T, Omega Engineering, Inc., Stamford CT), and canopy air 
temperature was measured in one plot per treatment (i.e. six plots) at the mature canopy 
height of 80 cm (107, Campbell Scientific, Logan, UT) (Fig. C.8). Temperatures were 
measured every minute and stored as 60-min averages with two dataloggers (Campbell 
Scientific, CR1000, Logan, UT) connected to multiplexers (AM25T, Campbell Scientific, 
Logan, UT). Ambient air temperature in the high tunnel was also measured at a 1.8 m 
height with a datalogging temperature sensor (UA-001-64, Onset Computer Corporation, 
Bourne, MA), and in the field at a 2 m height by a nearby weather station (Utah Climate 
Center, 2020). 
In 2019 and 2020, harvest dates, daily and total yield, and stem quality data were 
collected for every treatment, and the stem length and bloom diameter were measured 
twice per week after stems reached a length of 10 cm and buds were at least 40 mm. 
Flowers were harvested up to four times per day when buds reached maturity. Although 
there are no harvest recommendations for ‘Coral Charm’, the optimal harvest stage for a 
similar cultivar, ‘Coral Sunset’, ranges between a firm tight bud showing color or a soft 
bud that is squeezable (Eason et al., 2002). After harvest, each stem was graded 
according to USDA standards, with grade 1 having buds larger than 2.5 cm, relatively 
straight stems longer than 61 cm, and no visual damage; and grade 2 having buds no 
smaller than 2 cm, stems with moderate curvature longer than 51 cm, and minimal visual 
damage (USDA, 2016). Culls were stems that could not be classified by either grade due 
to bud size (smaller than 2 cm), severely curved stems, or severe damage from insects, 




Statistical analysis: Yield was calculated as the number of stems that were harvested 
in each quality grade (i.e. grade 1, grade 2, and cull) as well as the total stems harvested 
across grades per day and per harvest season. Yields, initial and final dates of harvest, 
peak harvest date, and the duration of harvest were analyzed with the GLIMMIX 
procedure in SAS/STAT 15.1 (version 9.4, SAS Institute, Cary, North Carolina). Heating 
treatment (LT-H, LT, and C) and environment (HT, and F) were fixed factors, and year 
was a random factor. Plot location within the rows and columns of the Latin square was 
initially treated as a random factor, but was not significant, thus removed from the model. 
Data were analyzed with a negative binomial distribution and a pairwise comparisons of 
treatment least squares means were adjusted with Tukey-Kramer’s method for 
multiplicity. Significance was defined at α = 0.05. 
CU and HU analysis: The chilling model developed by Fulton et al. (2001) calculated 
CU as a linear response to temperature between 1, 4, and 7 °C, and predicts zero CU are 
accumulated at 17 °C. Using these four datapoints, a linear trendline was fitted and the 
equation was used to calculate CU as a function of canopy air temperature (Ta) in each 
heating treatment in the high tunnel and field: 
𝐶𝐶𝐶𝐶 ≈ −0.0626𝑇𝑇𝑎𝑎 + 1.1 [Eq. 1] 
The boundaries of the equation were defined at a Tb of 1 °C and Tm of 17 °C; outside of 
this temperature range no CU were accumulated. The onset of CU accumulation was 
assumed to begin after plant senescence, or approximately 15 September each year. 
Next, the HU models for the three phases of growth were adapted from Hall et al. 




Stem emergence was modelled as a function of soil temperature (Ts), a Tb of 0.7 °C, and 
a Tt of 9.9 °C, as given by Hall et al. (2007). This model uses an exponential equation for 
temperatures between Tb and Tt and a linear equation for temperatures above Tt. 
However, the original exponential equation appeared misrepresented below Tt (Figure 
2.1). Therefore, the following model for stem emergence when Tb < Ts < Tt was 
developed from digitizing Fig. 4 in Hall et al. (2007) and fitting an exponential trend line: 
𝐻𝐻𝐶𝐶 =  ℎ
24
(3.0952)𝑒𝑒𝑒𝑒𝑒𝑒(0.1093𝑇𝑇𝑠𝑠) [Eq. 2a]  
where h is the number of hours at Ts and hourly averages were measured at a 5 cm depth. 
After Tt, Eq. 2 converges with Hall et al. (2007) and HU are accumulated linearly: 
𝐻𝐻𝐶𝐶 =  ℎ
24
(𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑏𝑏) [Eq. 2b] 
The next two phases of growth, bud appearance and flowering, were modelled as a 
linear function of air temperature from Hall et al. (2007). When Ta >Tt (Tt = 11.1 °C),  
then: 𝐻𝐻𝐶𝐶 =  ℎ
24
(𝑇𝑇𝑎𝑎 − 𝑇𝑇𝑏𝑏) [Eq. 3a] 
otherwise: 𝐻𝐻𝐶𝐶 =  ℎ
24
(0) [Eq. 3b] 
where Tb is 5.4 °C in the bud appearance phase and 2.6 °C in the flowering phase, 
respectively. The following conditions were used to apply the model to the field 
environment, which can reach greater temperature extremes than greenhouse settings: no 
HU accumulate when Ta < Tb (i.e. HU accumulation begins at Tb, not Tt) or Ta > Tm.  
Models for stem emergence, bud appearance, and flowering were not developed for 




establish Tm. We assigned Tm = 32 °C based on visual observations of stem quality and 
flower development. HU accumulation for flowering has been established for the split 
bud and full flower opening stages. To relate results to commercial production, HU were 
analyzed for first, peak, and last harvest (i.e. stages that occur between split bud and full 
flowering) in each heating treatment.  
Results 
Environmental conditions: From January to June, the average ambient field air 
temperature ranged from -4.7 to 17.5 °C in 2019 and -2.0 to 16.9 °C in 2020 (Table 2.1). 
The average air temperature in the high tunnel ranged from 13 °C in Apr. to 17 °C in 
June 2019, and -0.1 °C in Jan. 2020 to 17.2 °C in June 2020. On average, the ambient air 
temperature in the high tunnel was 4.2 to 0.5 °C degrees greater than the field in 2019 
and 6.4 to 0.3 °C degrees greater than the field in 2020. 
Within the high tunnel throughout the duration of the heating treatments, the average 
canopy air temperature at 0.08 m height in 2019 for HT-LT-H was 1.3 °C (0.09 ± SE) 
and 3.0 °C (0.14 ± SE) greater than HT-LT and HT-C, respectively (Figure 2.2.A). In 
2020, air temperature for HT-LT-H was 0.97 °C (0.03 ± SE) and 1.6 °C (0.04 ± SE) 
greater than HT-LT and HT-C, respectively (Figure 2.3.A). Throughout the duration of 
the heating treatments, the average soil temperature at a 5 cm depth in 2019 for HT-LT-H 
was 6.2 °C (0.11 ± SE) and 6.4 °C (0.12 ± SE) greater than HT-LT and HT-C, 
respectively. In 2020, the average soil temperature for HT-LT-H was 4.5 °C (0.03 ± SE) 




Within the field throughout the duration of the heating treatments the average canopy 
air temperature at 0.08 m height in 2019 for F-LT-H was 0.8 °C (0.06 ± SE) and 2.4 °C 
(0.27 ± SE) greater than F-LT and F-C, respectively (Figure 2.2.A). In 2020, the average 
air temperature at a F-LT-H treatment air temperature was 1.1 °C (0.06 ± SE) lower than 
F-T and 2.4 °C (0.18 ± SE) greater than F-C (Figure 2.2.A). Throughout the duration of 
the heating treatments, the average soil temperature at a 5 cm depth in 2019 for F-LT-H 
soil temperature was 7.0 °C (0.25 ± SE) and 7.7 °C (0.28 ± SE) greater than F-LT and F-
C, respectively. In 2020, the average soil temperature for F-LT-H soil temperature was 
3.8 °C (0.02 ± SE) and 4.3 °C (0.03 ± SE) greater than F-LT and F-C, respectively (Fig 
2.3.B). 
Yield: Averaged across 2019 and 2020, the total yield in the high tunnel ranged 66 
from (± 5 SE) to 76 (± 6 SE) stems per m2 (six plants) across heating treatments, and no 
statistical differences were found in total yield between treatments (p > 0.05) (Fig. 2.4). 
The grade 1 average stem yields per m2 were 28 (± 4 SE) in HT-LT-H, which was 
significantly fewer than 45 (± 5 SE) in HT-LT (p = 0.0489), and 47 (± 6 SE) in HT-C (p 
= 0.0364). The grade 2 average stem yields per m2 were 25 (± 6 SE) in HT-LT-H, which 
was significantly greater than 13 stems per m2 (± 3 SE) in HT-C (p = 0.0328) but neither 
was significantly different then HT-LT 16 stems per m2 (± 4 SE) (p > 0.05). The cull 
average stem yields stems per m2 were 7 (± 2 SE) in HT-C, which was significantly 
lower than HT-LT-H and HT-LT that yielded 17 (± 3 SE) and 13 (± 3 SE) stems per m2, 
respectively (p < 0.05). Differences were not significant between HT-LT-H and HT-LT 




In the field, the total average stem yields per m2 were 61 (± 5 SE) to 79 (± 6 SE) 
across heating treatments and no statistical differences were found (p > 0.05) (Fig. 2.4). 
The grade 1 average stem yields per m2 were 36 (± 5 SE), 39 (± 5 SE), and 44 (± 5 SE) 
for F-C, F-LT, and F-LT-H, respectively. The grade 2 average stem yields per m2 were 
15 (± 4 SE), 21 (± 5 SE), and 24 (± 5 SE) for F-C, F-LT, and F-LT-H, respectively. The 
average cull stem yields per m2 were 7 (± 2 SE), 10 (± 2 SE), and 10 (± 2 SE) for F-C, F-
LT, and F-LT-H, respectively. No significant differences were found between heating 
treatments for the average total, grade 1, grade 2, and cull stem yields (p > 0.05) in the 
field (Fig. 2.4). 
Harvest timing: The average initial harvests in the high tunnel were on 27 April 2019 
(from HT-LT-H and HT-LT) and 23 April 2020 (from HT-LT-H). The last harvests 
occurred on 13 May 2019 (± 2 SE) and 15 May 2020 (± 2 SE) from F-LT-H in both years 
(Table 2.2). Across years, the initial harvest of HT-C was significantly later than HT-LT-
H (p = 0.0061) and HT-LT (p = 0.0163), but differences were not significant between 
HT-LT-H and HT-LT (p = 0.6575). The peak harvest of HT-C was significantly later 
than HT-LT-H (p = 0.0511), but otherwise differences were not significant (p > 0.05). 
There were also no significant differences in final harvest dates between treatments in the 
high tunnel (p > 0.05).  
In the field, the average initial harvest occurred 15 May 2019 (± 1 SE) and 13 May 
2020 (± 1 SE), and the average last harvests were on 6 June 2019 (± 0 SE) and 1 June 
2020 (± 0 SE) (Fig. 2.4). The peak harvest date was significantly earlier for F-LT-H than 
F-C (p = 0.0321), but there were no other significant differences between field treatments 




Chilling and heating unit accumulation: Chilling was estimated to have begun after 
plant senescence in mid-September and an average of 1,081 CU (± 0 SE) accumulated 
across the field and high tunnel by 24 January 2020. HU accumulation for stem 
emergence was estimated to have begun 25 January (± 0 SE) and ended based on visual 
observation when 50% of stems had emerged above soil surface, on 22 February (± 0 SE) 
in the high tunnel and 5 March (± 0 SE) in the field, after an average of 140 HU (± 6 SE) 
accumulated. Based on visual observation in the high tunnel, bud appearance occurred on 
11 March for HT-LT-H, 13 March for HT-LT, and 16 March for HT-C, while modelled 
bud appearance occurred on 18 March, 18 March, and 20 March, respectively. In the 
field, buds visually appeared on 4 April for F-LT-H, 8 April for F-LT, and 21 April for F-
C, and modelled results were 8 April, 12 April, and 28 April, respectively. On average 
across treatments in the high tunnel and field, 137 HU (17 ± SE)  were accumulated for 
bud appearance, and within four days of accumulating the HU for this phase, the average 
bud diameters were 15 mm (± 1 SE) and the average stem lengths were 56 cm (± 2 SE) 
(Fig. 2.6). 
During the flowering phase, the average peak harvest date was 28 April (316 HU), 30 
April (362 HU), and 2 May (354 HU) for HT-LT-H, HT-LT, and HT-C, respectively 
(Table 2.2.). Across high tunnel heating treatments, an average of 291 HU (± 14 SE) 
accumulated by the initial harvest date, 344 HU (± 14 SE) accumulated by peak harvest 
date, and 498 HU (± 14 SE) accumulated by the last harvest date. In the field, peak 
harvest occurred on 16 May (388 HU), 19 May (398 HU), and 25 May (361 HU) for F-
LT-H, F-LT, and F-C, respectively. Across field heating treatments, an average of 343 




by the peak harvest dates, and 516 HU (± 17 SE) accumulated by the last harvest dates. 
Averaged between the high tunnel and field treatments, initial, peak, and final harvest 
dates occurred after 317 HU (± 15 SE), 363 HU (± 12 SE), and 507 HU (± 11 SE) were 
accumulated, respectively. At the time of harvest, the average bud diameter was 34 mm 
(± 1 SE) and the average stem length was 97 cm (± 1 SE) (Fig. 2.6). 
Discussion 
High tunnel control treatments advanced the initial harvest of ‘Coral Charm’ by three 
weeks, compared to field control. The use of low tunnel and soil heating treatments 
further advanced initial and peak harvest compared to control treatments by two to six 
days in the high tunnel and six to nine days in the field allowing staggered production. 
Combining all staggered treatments, the total length of the harvest season was 5.6 weeks. 
Heating treatments in the high tunnel allowed for all blooms to be harvested by Mother’s 
Day, while field heated treatments were harvested by Memorial Day, both of which are 
peak marketing times for flowers. Previous models for CU and HU accumulation (Fulton 
et al. 2001; Hall et al., 2007) were found to be suitable compared to field observations. 
Findings showed increased soil temperature hastened emergence rates, and greater air 
temperatures in spring hastened flowering which is supported by previous research 
studies (Fulton et al. 2001; Hall et al., 2007). 
Heating treatments did not affect the total stem yield, but stem quality was reduced in 
high tunnel treatments with low tunnels and soil heating. Differences in stem quality are 
attributed to increased insect and disease pressure. Canopy air temperature and humidity 
increased within low tunnels, which resulted in increased incidence of botrytis blight of 
63 
peony (Botrytis paeoniae) that killed stems, and improved conditions for Strawberry-
Root weevil (Otiorhynchus ovatus), which caused visible damage to the leaves. Physical 
damage also resulted from the low tunnels, as stems quickly curved when they began to 
grow against the frost fabric. Additional venting of low tunnels, particularly when 
combined with soil heating, may reduce the bud and leaf burn that occurred when 
daytime canopy air temperatures exceeded 32 °C.  
Flower bud maturity accelerated and damage did not occur at or below day/night 
temperatures of 32 °C day/17 °C night in vented high tunnel or field conditions, though 
bud abortion rates were high in previous greenhouse research at day/night temperatures 
of 28 °C day/22 °C night (Halevy et al., 2005), or under nighttime temperatures greater 
than 20 °C (Kamenetsky et al., 2003). Therefore, the combined effects of reduced 
airflow, high humidity, and canopy air temperature should be considered in establishing 
response to super-optimal conditions in the field, and to inform cultural practices when 
managing low tunnel or soil heating techniques.  
Yield was not significantly different between heating treatments in the field across 
2019 and 2020. However, the use of low tunnels and soil heating appeared to increase 
field production, compared to the control in 2020. This may be due to warmer soil 
temperatures, which can accelerate stem emergence in ‘Coral Sunset’ (Hall et al., 2007). 
Differences in yield by grade were not significant in the field, likely because less 
humidity and lower temperatures were maintained in all heating treatments due to air 
circulation that plants received in field treatments. The maximum daily temperatures 




resulted in less heat damage in the field. Low tunnels were also removed earlier during 
plant growth, when ambient field air temperature exceeded the optimum day/night 
temperatures, which reduced insect and disease pressure. Increased venting or removal of 
heating treatments is recommended in high tunnel and field production systems when air 
temperatures are above the optimal daytime temperatures of 13 to 16 °C (Wilkins and 
Halevy, 1985) and nighttime temperature of 10 °C (Kamenetsky et al., 2003). 
CU and HU accumulation were not previously evaluated for ‘Coral Charm’, but the 
cultivar appears to have similar growth requirements to ‘Coral Sunset’, an early-season 
cultivar that has been extensively studied. Assuming chilling began after plant senescence 
around mid-September, ‘Coral Charm’ accumulated an average of 1,080 CU by 24 
January, while the established optimum CU for ‘Coral Sunset’ in a greenhouse ranges 
from 1,042 (95% of flower production potential is reached) to 1,122 CU (95% of shoot 
production potential is reached) (Fulton et al., 2001). Their model is based on pot growth 
peony in the greenhouse so air and soil temperature would be roughly equal. In the field 
or high tunnels, the dormant meristem of peonies is located at a 2 to 5 cm depth in the 
soil. Under field or high tunnel conditions, soil temperature can vary significantly from 
air temperature, particularly when snowpack is present. Therefore, development of a CU 
model based on soil temperature may improve estimates of CU accumulation for field 
production in cool climates. 
The imprecision of the air temperature-based chilling model reduces certainty 
regarding the date at which chilling was satisfied and HU accumulation for growth began. 




as there are no visible cues to readily measure and the temperature thresholds for chilling 
(1 °C) and stem emergence (0.7 °C) overlap. Therefore, we estimated HU began 
accumulating for stem emergence on 25 January by analyzing the date at which CU 
accumulation was satisfied and back-calculating from the date on which 50% of the 
stems were observed to have emerged for each heating treatment. From this, an average 
of 140 HU had accumulated across treatments during the stem emergence phase, as 
compared to 225 HU that have been modelled for ‘Coral Sunset’ in greenhouse 
production (Hall et al., 2007). Results further deviated from expectations when the air 
temperature-based model for stem emergence was used, indicating that the HU model for 
stem emergence should be based on soil temperature and reevaluated for soil temperature 
dynamics in the field, where soils experience snow cover, direct solar radiation, and 
variable soil water content, which drive soil temperature in addition to air temperature 
dynamics.  
The date at which 50% of stems emerged, according to visual observation, was on 22 
February 2020 for all high tunnel heating treatments, and 05 March 2020 for all field 
heating treatments. Differences between the high tunnel and field occurred because 
passive heating of the high tunnel began on 1 Feb. each year when doors were closed, per 
recommendations from Byrne and Halevy (1986). In this study, low tunnel and soil 
heating treatments were initiated 27 February in the high tunnel and 6 March in the field 
however, the date of stem emergence was the same between heating treatments. If the 
model predictions that CU accumulation is satisfied by late Jan. are correct, then the 
application of low tunnels and soil heating should occur in earlier in Feb. to increase soil 




HU calculated for bud appearance of ‘Coral Charm’ averaged 137 HU across all 
treatments, which was in close agreement with field observation, as well as modelled 
results for greenhouse production of ‘Coral Sunset’ at 134 HU (Hall et al., 2007). Though 
the model was not developed for temperatures greater than 20 °C, temperatures within the 
high tunnel and field environments often exceeded this upper limit, which is common in 
the U.S. Intermountain West. Calculating HU accumulation up to 32 °C was based on 
visual observations and improved HU estimates in the field, but more research is needed 
to establish peony response to temperature above optimal conditions and establish the 
maximum temperature for growth. Despite canopy air temperature being similar between 
soil and air heating, stem growth was accelerated, and the bud appearance phase was 
advanced in the low tunnel and soil heating treatment, indicating soil temperature may 
also control early HU accumulation for bud appearance. 
The number of HU calculated for initial to final harvest of ‘Coral Charm’ was 317-
507 HU which were similar to ‘Coral Sunset’ split bud and full flowering stages of 300 
and 415 HU, respectively (Hall et al., 2007), indicating reasonable model agreement for 
the flowering phase. Canopy air temperature measured at 80 cm, the height of the blooms 
at maturity, represented the conditions for this phase well, though the lower and upper 
thresholds of the model were adjusted from the original model to include field 
temperatures that were not evaluated in the previous model. While blooming was earlier 
with the use of low tunnels and soil heating compared to other treatments, differences in 
peak harvest timing were not significant. More detailed measurements of growth 




of air and soil temperature on each phase, as well as increase differences in peak harvest 
timing between heating treatments. 
The standard error from the average HU calculated across plots and heating 
treatments in the high tunnel are attributed to variations in microclimate, though plot 
location was not significant in statistical models for production. In winter, warmer air 
temperatures have been documented in the center beds of high tunnels, while the edge 
beds can be one to two degrees colder (Wein, 2009). When calculated with canopy air 
temperature, which was only measured in one replicate per treatment using the center 
bed, the greatest HU accumulation always occurred in the field control plot, which was 
the center plot of the center bed of the high tunnel. Within the high tunnel, the low tunnel 
soil heating and low tunnel treatments were on the edge plots of the center bed, and these 
treatments always accumulated fewer HU. In the field, the low tunnel and soil heating 
plot closest to the high tunnel accumulated the greatest number of HU, while the control 
plot furthest from the high tunnel had the fewest HU, indicating edge effects from the 
high tunnel that was located 1.5 meters away.  
Overall, high tunnels advanced the production of peony cut flowers compared to 
unforced field production in the U.S. Intermountain West, and low tunnel and soil heating 
treatments allowed for staggered harvests across six weeks, rather than two weeks. 
Chilling requirements were met early in the year in this cool climate and an earlier 
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Fig. 2.1. Models of the daily accumulation of chill or heat units (CU or HU) for the 
four developmental phases of peony as a function of air or soil temperature. 
Phase 1 represents dormancy and the accumulation of CU as a function of air 
temperature between 1 to 17 °C (1), as given by Fulton et al. (2000). Phases 2-4 
represent shoot emergence (2a and 2b), flower bud appearance (3a), and full 
flowering (4a) through HU accumulation, as given by Hall et al. (2007). Hall et 
al. (2007) propose Phase 2 may be calculated as a function of air temperature 
(2a) or soil temperature (2b) by modifying the base and threshold temperatures 
(Tb and Tt, respectively), however, the model appears misrepresented below Tt. 
Therefore, model 2c is proposed to represent Phase 2 as a function of soil 
temperature between Tb and Tt. After Tt, 2c converges with 2b. Models 3a and 
4a were also modified to begin accumulating HU at Tb, as opposed to Tt, 




Table 2.1. Monthly (Mo.) average (Avg), minimum (Min), and maximum (Max) air 
temperature (°C) at a height of 1.8 m in the high tunnel and 2 m in the field from Jan. 
through June in 2019 and 2020. 
Mo. 
High Tunnel Air Temperature (°C) Field Air Temperature (°C) 
Avg Min Max Avg Min Max Avg Min Max Avg Min Max 
---2019--- ---2020--- --- 2019 --- --- 2020 --- 
Jan. z z z -0.07 -5.7 10.1 -4.7 -8.6 -0.9 -2 -5.6 1.5 
Feb. z z z 3 -7.2 22.3 -2.1 -6.4 1.8 -3.4 -8 1.6 
Mar. z z z 8.8 -0.3 24.5 2.5 -2.3 7.9 4.5 -0.5 9.8 
Apr. 13.0 2.8 25.8 11.4 1.4 24.3 8.8 -0.7 14.4 8.2 1.8 14.3 
May 14.3 5.5 25.2 14.8 6.3 23.7 12.4 5.8 19.0 14.1 7.0 21.1 
June 18.0 8.6 26.5 17.2 8.5 25.1 17.5 9.5 24.6 16.9 9.0 23.8 



























Fig. 2.2. Canopy air temperature at a 0.80 m height (Tcanopy) (A) and soil temperature at 
5 cm depth (Tsoil) (B), by date in 2019. Heating treatments in the high tunnel (HT, 
purple), and field (F, green) include the use of low tunnels and soil heating (LT-H, 
solid lines), low-tunnels and no soil heating (LT, dashed lines), and no low tunnels 
or soil heating controls (C, dotted lines). LT and H heating treatments were 









Fig. 2.3. Canopy air temperature at a 0.80 m height (Tcanopy) (A)and soil temperature at 
5 cm depth (Tsoil) (B), by date in 2020. Heating treatments in the high tunnel (HT, 
purple), and field (F, green) include the use of low tunnels and soil heating (LT-H, 
solid lines), low-tunnels and no soil heating (LT, dashed lines), and no low tunnels 
or soil heating controls (C, dotted lines). Vertical lines indicate the date LT and H 
heating treatments were initiated in the high tunnel (purple, 27 Feb. 2020) and 









Fig. 2.4. Average total yield of grade 1, grade 2, and cull peony stems by management 
treatment across 2019 and 2020 for the high tunnel (A) and field (B). The total 
average yields of grade 1 (purple bars), grade 2 (green bars), and culls (blue bars) 
are given with standard error. Lowercase letters indicate significance for grade 1, 







Fig. 2.5. The average cumulative yield of peony stems per m2 during harvest in 2019 
(top) and 2020 (bottom). Heating treatments in the high tunnel (HT, purple), and 
field (F, green) include the use of low tunnels and soil heating (LT-H, solid lines), 
low-tunnels and no soil heating (LT, dashed lines), and no low tunnels or soil 








Fig. 2.6. Weekly stem length in cm (top) and peony bud diameter in mm (bottom) by 
date in 2020. Heating treatments in the high tunnel (HT, purple shades), and field 
(F, green shades) include the use of low tunnels and soil heating (LT-H, solid 
lines), low-tunnels and no soil heating (LT, dashed lines), and no low tunnels or 
soil heating controls (C, dotted lines). Horizontal lines indicate the average stem 
height and bud diameter at the onset of the bud appearance phase and during peak 
harvest during the flowering phase. 







The use of high tunnels increased air and soil temperatures, advancing the production 
of cool-season annual Antirrhinum majus (snapdragon) and early-season perennial 
Paeonia lactiflora (peony) and resulting in harvest dates up to three weeks before the last 
frost date. High tunnel production systems advanced harvest by five to eight weeks for 
snapdragon and three weeks for peony, compared to the field. In contrast, field 
production extended the harvest season later into the summer by up to three weeks for 
snapdragon and nearly four weeks for peony, resulting in a total harvest season length of 
4.5 months for snapdragon and 6 weeks for peony. The additional application of low 
tunnel and soil heating treatments, based on the physiological requirements of blooming 
for each crop, staggered harvest timing within the high tunnel and field to produce a 
constant supply of stems throughout the harvest window.  
In the snapdragon trial, cultivars performed differently depending on the time of 
transplant. In the high tunnel, total yields were significantly greater from early-March and 
late-March transplants than those in early-April (p < 0.05), indicating that March was the 
optimal month across varieties. ‘Chantilly’ performed best at the early-February and 
early-March planting dates, producing 32 to 54 more total stems per m2 and 29 to 51 
more marketable stems per m2 than the early-April date. ‘Potomac’ harvest timing was 
delayed when transplanted in early-February due to a higher temperature requirement for 




producing 19 to 60 more total stems per m2 and 17 to 22 more marketable stems per m2 
than early-April. ‘Rocket’, requiring the highest temperatures for optimal production, 
performed best when transplanted in late-March and produced 21 to 42 more total stems 
per m2 and 32 to 34 more marketable stems per m2 than at the early-March and early-
April dates. A second flush resulted in ‘Chantilly’ producing statistically greater yields 
than ‘Potomac’ and ‘Rocket’, and significantly greater marketable yields than ‘Rocket’ (p 
< 0.05). 
In the field, ‘Chantilly’ total yields were significantly greater than ‘Potomac’ and 
‘Rocket’ in 2019 by 83 stems per m2 (p = 0.0004), but had significantly lower marketable 
yields in 2018. ‘Potomac’ total stem yields from late-April transplants were greater by 13 
to 93 stems per m2 and marketable yields were greater by 28 stems per m2, compared to 
the late-May transplants. This was due to super-optimal temperatures later in the growing 
season, indicating limitations for this cultivar. ‘Rocket’ production was greatest when 
transplanted in late-April, as opposed to late-May, producing 126 total stems per m2 and 
29 marketable stems per m2 respectively. Statistical analysis shows early dates are more 
optimal for total yields, while yield means indicate early season plantings of ‘Chantilly’, 
mid-season plantings of ‘Potomac’ and late-season plantings of ‘Rocket’ in the high 
tunnel, combined with field plantings by late April, optimize cultivar production with 
temperature requirements and stagger the harvest window. 
An economic analysis of snapdragon production costs and yields was based on a 52 
m2 m (560 ft2) long high tunnel or field area, at a price point of $1.20 per marketable 
stem and $0.75 per cull stem. In the high tunnel, the first flush (May-July) produced 




or $3.28 per m2 ($0.95 per ft2). The second flush (August-September) produced 1,523 
marketable and 1,394 cull stems, resulting in a net income of $906.58 per high tunnel or 
$5.31 per m2 ($1.62 per ft2). In the field, the first flush (June-July) produced 1,277 
marketable and 1,665 cull stems, resulting in a net income of $116.41 per field area or 
$0.69 per m2 ($0.21 per ft2). The second flush (August-September) produced 363 
marketable and 796 cull stems, resulting in a net income of $154.32 per field space or 
$0.92 per m2 ($0.28 per ft2). The second flush produced a lower percentage of marketable 
stems in both the high tunnel and field, but net income was higher due to the cost of plant 
establishment being recovered during the first flush. Based on the economic analysis and 
research findings it is recommended that growers prune back plants for a second flush to 
increase net income unless another crop is of higher value during the months of July 
through September. 
In the peony trial, chilling was satisfied for ‘Coral Charm’ at the same date in the 
high tunnel and field. However, the closure of high tunnel doors on 1 February resulted in 
a more rapid accumulation of soil heat units (HU) that promoted stem emergence on 24 
February, compared to 5 March in the field. In the high tunnel, the addition of soil 
heating after stem emergence led to a more rapid accumulation of HU based on soil 
temperature. From this, bud appearance occurred two days earlier under low tunnel and 
soil heating practices than those with only low tunnels, and five days earlier than the 
unheated control. This accelerated growth resulted in significantly earlier initial and peak 
harvests of low tunnel and soil heating compared to control (p < 0.05). However, low 
tunnel and soil heating also led to significantly lower marketable yields of grade 1 and 




increased temperatures from soil heating that promoted pest and disease pressure, as well 
as flower damage from excessive heat and stems that rapidly outgrew the low tunnels (p 
< 0.05). The addition of low tunnels without soil heating, also accelerated HU 
accumulation that resulted in initial harvests occurring significantly earlier than the 
unheated control (p = 0.0163). 
In the field, the low tunnel and soil heating practices significantly advanced the initial 
harvest date compared to the unheated control (p = 0.0321), but no significant difference 
was found between low tunnel and unheated control harvest timings (p > 0.05). The lack 
of significance for low tunnel and soil heating and low tunnel comparisons suggest low 
tunnels may not be sufficient in advancing growth without the addition of early soil 
heating or high tunnels that further increase temperatures for growth. Heat mats may be 
activated earlier, based on modeling estimates of CU accumulation, and may advance 
emergence and blooming time significantly earlier than non-heated treatments. Although 
previous models for bud appearance and flowering have been based only on air 
temperature, results also indicated that increased soil temperature, even after stem 
emergence, can impact blooming rather than air temperature alone. 
An economic analysis of peony production costs and yields was based on a 55 m2 
(588 ft2) high tunnel or field area, at a price point of $5.00 per marketable stem and $2.00 
per cull stem April through June. In the high tunnel, 520 marketable and 120 cull stems 
were harvested on average, resulting in a net income of $997.36 per high tunnel or $5.58 
per m2 ($1.70 per ft2). In the field, 550 marketable and 80 cull stems were harvested on 
average, resulting in a net income of $1,401.48 per field or $7.81 per m2 ($2.38 per ft2). 




staggered between the six treatments, but the stem quality declined due to increased 
insect damage, botrytis, and burn damage. A price difference was not found for stems 
produced before or after peak marketing times of Mother’s Day and Memorial Day, but 
this research is ongoing and will likely change after the COVID-19 pandemic and with 
outreach to buyers on the added cost of advancing local production. Based on the 
economic analysis and research findings, it is recommended that growers use high 
tunnels, low tunnels, and soil heating only if they can increase the price point for stems 
harvested before Mother’s Day or benefit in staggering the harvest timing to lengthen 
their marketing window or reduce storage costs. 
These trials demonstrate that snapdragons ‘Chantilly’, ‘Potomac’, and ‘Rocket’ and 
peony ‘Coral Charm’ are suitable cultivars for specialty cut flower production in the U.S. 
Intermountain West, while their temperature-dependent growth response can be utilized 
to advance, stagger, and schedule harvest timing. These results have been developed into 
production guides in USU Extension fact sheets to meet the demand by growers in the 
U.S. Intermountain West for regionally specific information on cultivar evaluations and 
season advancement techniques (Appendix D). Economic budgets have also been 
developed based on inputs of each management practice and the revenue based on local 
markets to determine net income of each crop (Appendix C). Although this work is aimed 
towards growers in the U.S. Intermountain West, it also adds to the collective body of 
research that evaluates growth methods that have not been fully addressed for 















Fig. A.1. Map of known flower farmers across the state of Utah, as of September 
2020. Numbers indicate how many growers are operating in each county 





Appendix B. Average Snapdragon Stems per m2 in the high tunnel and field 
Table B.1. Average stems per m2 (±SE) of ‘Chantilly’, ‘Potomac’, and ‘Rocket’ for each 
month of production in 2018-2019 within the high tunnel. Monthly yields of “utility”, 
(<46 cm), “first” (46 cm), “extra” (60 cm), “fancy” (72 cm), and “special” (92 cm). 
  2018 2019 
  Utility First Extra Fancy Special Utility First Extra Fancy Special 





 May 7 (2) 1 (0) 11 (2) 18 (4) 6 (2) 0 (0) 2 (1) 10 (3) 3 (1) 2 (1) 
June 20 (2) 2 (0) 7 (0) 14 (3) 7 (2) 3 (1) 2 (1) 4 (2) 10 (2) 21 (6) 
July 1 (0) 0 (0) 0 (0) 0 (0) 1 (1) 11 (2) 3 (1) 7 (1) 6 (1) 4 (1) 
Aug. 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 18 (3) 14 (2) 9 (2) 1 (1) 0 (0) 





 May 1 (1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (1) 2 (1) 3 (1) 
June 34 (4) 0 (0) 3 (1) 14 (2) 46 (5) 5 (2) 0 (0) 1 (0) 3 (1) 28 (4) 
July 9 (2) 0 (0) 0 (0) 2 (0) 5 (1) 17 (3) 0 (0) 3 (1) 4 (1) 16 (3) 
Aug. 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 5 (2) 2 (1) 8 (2) 6 (2) 1 (0) 





May --- --- --- --- --- 0 (0) 1 (1) 2 (2) 0 (0) 1 (1) 
June --- --- --- --- --- 1 (0) 0 (0) 1 (1) 3 (1) 10 (3) 
July --- --- --- --- --- 18 (4) 1 (0) 5 (2) 16 (4) 46 (8) 
Aug. --- --- --- --- --- 9 (2) 3 (1) 5 (1) 2 (1) 1 (1) 





Table B.2. Average stems per m2 (±SE) of ‘Chantilly’, ‘Potomac’, and ‘Rocket’ for each 
month of production in 2018-2019 within the field. Monthly yields of “utility”,  
(<46 cm), “first” (46 cm), “extra” (60 cm), “fancy” (72 cm), and “special” (92 cm). 
  2018 2019 
  Utility First Extra Fancy Special Utility First Extra Fancy Special 





 May 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
June 17 (3) 13 (4) 5 (3) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
July 20 (4) 19 (6) 4 (2) 0 (0) 0 (0) 70 (20) 24 (5) 3 (1) 0 (0) 0 (0) 
Aug. 1 (1) 0 (0) 0 (0) 0 (0) 0 (0) 39 (15) 8 (2) 2 (1) 0 (0) 2 (2) 





 May 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
June 0 (0) 2 (1) 4 (2) 0 (0) 0(0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
July 20 (4) 24 (4) 30 (2) 3 (1) 0 (0) 39 (14) 13 (3) 4 (2) 1 (1) 0 (0) 
Aug. 10 (1) 6 (1) 4 (1) 0 (0) 0 (0) 26 (3) 6 (1) 4 (1) 1 (0) 3 (1) 





May --- --- --- --- --- 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
June --- --- --- --- --- 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
July --- --- --- --- --- 41 (12) 17 (5) 3 (2) 1 (1) 0 (0) 
Aug. --- --- --- --- --- 35 (5) 9 (2) 3 (2) 1 (0) 4 (1) 




Appendix C. Maps of Experimental Design 
 
 
Fig. C.1. Plot map of snapdragon high tunnel treatments in 2018. ‘Chantilly’ is 
indicated in yellow, ‘Potomac’ is indicated in blue, and the grey indicates an 
unreported cultivar that was only trialed for one year. Letters next to cultivars 
indicate early-February (EF), early-March (EM), late-March (LM), and early-April 
(EA) transplant timings. High tunnels were 4.3 × 11.8 m and plots were 0.9 × 0.9 
m. Black indicates walkways between beds, which were 0.3-0.45 m wide and the 






Fig. C.2. Plot map of snapdragon field treatments in 2018. ‘Chantilly’ is indicated in 
yellow, ‘Potomac’ is indicated in blue, and the grey indicates an unreported 
cultivar. Letters next to cultivars indicate late-April (LA) and late-May (LM) 
transplant timings. The field was 4.3 × 11.6 m and plots were 0.9 × 0.9 m wide. 
Black indicates walkways between beds, which were 0.3-0.45 m and the guard row 






Fig. C.3. Plot map of snapdragon high tunnel treatments in 2019. ‘Chantilly’ is 
indicated in yellow, ‘Potomac’ is indicated in blue, and ‘Rocket’ is indicated in 
green. Letters next to cultivars indicate early-March (EM), late-March (LM), and 
early-April (EA) transplant timings. High tunnels were 4.3 × 11.8 m and plots were 
1.2 × 0.68 m. Black indicates walkways between beds, which were 0.3-0.7 m wide 







Fig. C.4. Plot map of snapdragon field treatments in 2019. ‘Chantilly’ is indicated in 
yellow, ‘Potomac’ is indicated in blue, and ‘Rocket’ is indicated in green. Letters 
next to cultivars indicate late-April (LA) and late-May (LM) transplant timings. 
The field was 6.7 × 9.7 m and plots were 1.2 × 0.68 m. Black indicates walkways 
between beds, which were 0.3-0.7 m and the guard row is shown in grey. 
 4.3 m
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Fig. C.5. Peony high tunnel plot map for 2018-2020. White plots (plot 2, 6, and 7) 
indicate the control (HT-C), blue plots (1, 5, and 9) indicate low-tunnel (HT-LT), 
and pink plots (3, 4, and 8) indicate (HT-LT-H) treatments. All treatments had Ts 
(thermocouple soil sensors) at 5 and 10 cm depths, and Ɵ (volumetric water content 
sensors) at 10 cm depth. One replicate of each treatment (plots 2, 5, and 8) had 
additional Ts sensors at 20 and 30 cm depths, a Ɵ sensor at 30 cm depths, and a Ta 
(thermocouple canopy sensor) at 80 cm canopy height. 
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Fig. C.6. Peony field plot map of 2018-2020. White plots (plot 10, 14 and 18) indicate 
control (F-LT-H), blue plots (12, 13, and 17) indicate low-tunnel (F+LT-H), and 
pink plots (11, 15, and 16) indicate (F+LT+H) treatments. All treatments had Ts 
(thermocouple soil sensors) at 5 and 10 cm depths, and Ɵ (volumetric water content 
sensors) at 10 cm depth. One replicate of each treatment (plots 2, 5, and 8) had 
additional Ts sensors at 20 and 30 cm depths, a Ɵ sensor at 30 cm depths, and a Ta 


















Fig. C.8. Distribution of sensors in relation to soil heat mats laid on the soil surface 15 
cm from the plant crown. Soil temperature at 5, 10, 20, and 30 cm depths, 
volumetric water content at 10 and 30 cm depths, and air temperature at 80 cm 

























Appendix E. USU Extension Economic Budgets and Fact Sheets 









































